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Abstract: Metal powder bed-based Additive Manufacturing (AM) technologies, such as Electron
Beam-Melting (EBM) and Laser Powder Bed Fusion (LPBF), are established in several industries due
to the large design freedom and mechanical properties. While EBM and LPBF have similar operating
steps, process-specific characteristics influence the component design. The differences in the energy
coupling lead to differing solidification conditions, microstructures, and, thus, mechanical properties.
The surface finish and geometrical accuracy are also affected. As opposed to LPBF, EBM powder
layers are preheated prior to selective melting. In this study, similar volume energy densities in LPBF
and EBM were used to manufacture Ti6Al4V test geometries to assess the process transferability. Since
the energy coupling of LPBF and EBM differ, heat source absorption was considered when calculating
the volume energy density. Even when a similar volume energy density was used, significant
differences in the component quality were found in this study due to specific respective process
constraints. The extent of these constrains was investigated on voluminous samples and support-free
overhanging structures. Overhang angles up to 90° were manufactured with LPBF and EBM, and
characterized with regard to the relative density, surface roughness, and geometric compliance.

Keywords: Electron Beam-Melting; EBM; Laser Powder Bed Fusion; LPBF; Ti6Al4V; volume energy
density; absorption; support-free overhang; hardness; surface roughness

1. Introduction

Metal powder bed fusion is a manufacturing process in which a beam energy source
selectively melts powder layer-by-layer based on a 3D Computer-Aided Design (CAD)
model [1-4]. Due to the difference in heat source, it is often assumed that LPBF and
EBM operate with differing volume energy densities. Contrary to LPBF, during EBM,
each powder layer is preheated and sintered using a defocused beam. Once the build is
complete, loose powder is brushed off of the LPBF component. EBM components require
more rigorous de-powdering processes to remove the sintered powder. If necessary, the
built components undergo further postprocessing (e.g., sand blasting, heat treatment, hot
isostatic pressing, etc.) [2].

1.1. Laser Powder Bed Fusion (LPBF)

Most LPBF machines can heat a build platform up to 200 °C in order to reduce
temperature gradients [5]. The process chamber is filled with inert gas, which flows over
the powder bed (remaining O, content up to ~ 500 ppm) [6,7]. The absorption of a metal is
temperature-dependent and rises with increasing temperature [8,9]. Other factors affecting
laser absorption include melting conditions, defects, and oxide films [8].

The typical powder size distribution (PSD) for LPBF lies in the range of 10-63 pm. In
order to reuse powder, it must be sieved [10,11]. Sieving removes spatter and large powder
particles that would affect the required energy density to homogenously melt the powder.
The as built surface roughness ranges from 5 to 40 um depending on the process parameters
and build orientation [12]. A typical surface roughness of vertical walls is Ra = 11 pm [13].
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During LPBF, materials solidify at high cooling rates of about 10° K/s, resulting in a
very fine microstructure [14]. According to the Hall-Petch relation, a fine microstructure
leads to high material hardness [15]. Ti6Al4V is an « + 3 alloy. Due to rapid cooling during
the LPBF process, metastable o’ martensite with prior (3-texturization in the build direction
is formed [16]. The metastable «” martensite is characterized by high strength at the expense
of low ductility [17]. LPBF samples show an ultimate tensile strength and yield a stress of
approximately 1200 MPa and 1100 MPa respectively [17-19]. Ti6Al4V manufactured with
laser AM technologies achieves an elongation between 4% and 19% [17,18].

1.2. Electron Beam-Melting (EBM)

The EBM process runs under a vacuum at an absolute pressure of ~50 x 10~ mbar
(i.e., 0.5 Pa) [13]. The electron beam also necessitates the powder to be sintered or otherwise
electrostatic forces lead to clouds of charged particles (i.e., arc trips) in the build cham-
ber [20]. Powder layers can be preheated and sintered up to 1100 °C by using a defocused
electron beam [13]. As a result, temperature gradients between the melt pool and powder
bed are lowered and thermal stresses are significantly reduced. Process parameters affect
the dimensional quality of the EBM parts [21].

The recommended PSD for EBM is 45-105 um [13]. Smaller powder sizes cannot be
used since that would lead to process instabilities [13]. However, studies have been carried
out with a powder size similar to that in LPBF to reduce surface roughness [22]. Larger
powder sizes do not pose an issue [13]. Powder can be recycled up to 12 times [23].

A vertical surface roughness (R,) of approximately 30 um is reported by [24] using a
layer thickness of 70 pum. A surface roughness (R,) between 6 and 19 um can be achieved by
reducing the layer thickness to 50 pm [25]. EBM processes conduct an in situ heat treatment
of the part due to the preheating and the elevated temperature of the build chamber [13].
The microstructure is therefore larger compared to the microstructure of LPBE. In the case
of Ti6Al4V, the columnar 3-structure is replaced by « lamellas and a small amount of the {3
phase. The resulting ultimate tensile strength is approximately 1050-1200 MPa. The yield
stress is around 900-1100 MPa and ductilities of up to 17% are achieved [16,26,27].

Several comparisons of the LPBF and EBM processes with a focus on the microstructure
have been conducted [17,28-32]. The process-parameter transferability between both
processes is not fully understood yet, such that even if an identical part is manufactured
with EBM, a separate process development still needs to be carried out for LPBF and vice
versa. In this study, it was assumed that a similar volume energy density can result in a
similar component quality. Therefore, a similar volume energy density was used to assess
the component quality in terms of the relative density, mechanical properties, overhang
angle, and geometric compliance.

2. Materials and Methods
2.1. Machines

One commercial LPBF and one commercial EBM machine were chosen for this study.
The machine characteristics are summarized in Table 1. The LPBF system was equipped
with an ytterbium fiber laser with a wavelength of 1070 nm and a maximum power of 400
W. The processed material was shielded from oxidation by an argon atmosphere. If desired,
the bottom of the build plate can be heated up to 200 °C [33].

The EBM system was equipped with a lanthanum hexaboride single crystalline cath-
ode. The electrons were accelerated to 60 keV and both focused and deflected by electro-
magnetic lenses. The machine operated under a controlled vacuum with a helium pressure
of up to x10~2 mbar (i.e., 0.1 Pa) [34].
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Table 1. Machine characteristics of the LPBF system and the EBM system.

Machine Characteristics LPBF System EBM System
Heat Source YD fibre-laser Single crystalline
. LxBxH LxBxH
Build Volume [mm] 250 x 250 x 250 200 x 200 x 180
Max. Beam Power [W] 400 3000
Atmosphere Argon Vacuum
Spot Size [um] 100 140
Max. scan speed [m/s] 7 8000
Max. preheating temperature [°C] ~200 ~1100

2.2. Ti6 Al4V Powders

The material used was Ti6Al4V. The powder used in the EBM machine was atomized
via the Plasma Rotate Electrode Process (PREP), which yields spherical and uniform
powder [13]. The powder used in the LPBF machine was produced by inert gas atomization.
Both powders used for EBM and LPBF were recycled. A powder analysis was carried out
using Retsch Camsizer X2 (Microtrac Retsch GmbH, Germany) to qualitatively analyze the
PSD. The results obtained from both powder samples are compared in Figure 1.
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Figure 1. Powder particle size distribution and scanning electron microscope (SEM) images for LPBF
and EBM powder.

A uniform spherical PSD was observed in the EBM powder. The LPBF powder shows
a smaller PSD compared to EBM. This difference in PSD size was confirmed with the SEM
analysis.

2.3. Experimental Samples

Cubes of 10 x 10 x 10 mm?® were manufactured using both LPBF and EBM. An
inclined surface of 2 mm thickness was printed on one side of the cubes to study overhang
behavior (see Figure 2). The angle of inclination was varied using 5° steps.

After the LPBF processing, a 3D scan using GOM ATOS (Carl Zeiss GOM Metrology
GmbH, Germany) was taken to determine the geometric compliance and the extent of
overhang curling and/or distortion.
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10 mm 10 mm

Figure 2. Overhang geometries. The angle a was varied using 5° steps.

2.4. Roughness

The roughness was determined using a Keyence VHX7000 microscope (Keyence
Deutschland GmbH, Germany) in build direction away from the inert gas flow on as built
and on sand blasted samples. A panorama image of the whole sample was taken at 200 x
magnification. By analyzing the depth of focus, a 3D model of the surface was obtained.

2.5. Relative Density

Before the relative density measurement, the samples were hot-mounted and ground.
The samples were polished by using a polishing wheel and a diamond suspension. The
relative density was measured using a Keyence VHX7000 microscope. Using 100 x mag-
nification, images of the upper, middle, and lower part of the samples were taken. The
built-in Keyence software distinguishes pores and solid material according to changes in
the contrast.

2.6. Hardness

The same samples used for the density measurements were also used for hardness
measurements. The HV 0.1 hardness was measured with the Qness 30A+ micro-hardness
tester (ATM Qness GmbH, Germany). Hardness was measured in the corners and in the
middle of every sample. The average values were determined.

2.7. Melt-Pool Dimensions

The mounted samples from the density measurement were etched with hydrofluoric
acid for 90 s. Melt-pool depth and width were measured at 300 x magnification using a
Keyence VHX7000 microscope. Their size was then measured using the built-in Keyence
software. An average of 5-7 measurements was calculated.

3. Results and Discussion
3.1. Process Parameters

The process parameters used were provided by the machine suppliers to manufacture
dense components. The utilized parameters for the beam power and scan velocity were
used to calculate the energy density for the LPBF process (see Table 2). For the EBM system,
the beam current was estimated to be 25 mA and the scan speed was estimated to be
6000 mm/s.

Table 2. Utilized process parameters for LPBF and EBM.

Parameter \ Process LPBF EBM
Heat Source Power [W] 300 (Laser) 1500 (Electron Beam)
Scan Speed [mm/s] 1000 6000
Hatch Distance [mm] 0.1 0.2
Layer thickness [mm] 0.05 0.05
Volume Energy Density [J/ mm3] * 60 25

* Does not take into consideration absorption.
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The energy densities, as shown in Table 2, appear to be very different if it is calculated
with the beam power that was set on the machine. An important difference between LPBF
and EBM is that in EBM, each powder layer is preheated before melting, maintaining a
constant temperature of 700 °C within the build chamber during the process. In contrast,
in the LPBF processes, powder is approximately at room temperature before the melting
step. In order to compare the volume energy densities more accurately, it is necessary to
calculate how much energy per volume is transferred into the powder and how much of it
is absorbed. Equation (1) calculates the volume energy density considering the melt-pool
size (measured within the course of this study). However, the absorption of each beam by
the powder should also be considered. As a result, the volume energy densities change
to 10.72 J/mm?3 (LPBF) and 8.04 J/mm?3 EBM (see Table 3). The volume energy density
necessary to heat the powder from room temperature to 700 °C in LPBF is then estimated
according to Equation (2). The total volume energy density that melts the powder in
LPBF is 9.28 ]/mm3. The total volume energy density in the EBM process remains at
8.04 ]/mm?3. Evidently, independent of the coupling of the energy with the powder layer,
the applied energy densities are similar for both processes. This finding shows that the
process parameters from the LPBF process can be transferred to the EBM process.

Pp
EV, real = T f 5 (1)
UScan * 5 % d
EV, preheat = Ppowder * Cp * AT (2)

Table 3. Nomenclature and parameters used in calculating volume energy density.

Parameter LPBF EBM
Heat Source Power, Py [W] 300 (Laser) 1500 (Electron Beam)
Scan Speed, vscan [mm/s] 1000 6000
Melt Pool Radius, £/2 [mm)] 0.07 0.122
Melt Pool Depth, d [mm] 0.16 0.25
Volume Energy Density, Ey (calculated 26.79 82
. . 3 . .
according to Equation (1)) [J/mm~]
Heat Source Absorption [%] 40 98
Volume Energy Density, Ey (calculated
according to Equation (1) and 10.7 8.04
considering absorption) [J/ mm?3]
Ti6Al4V Heat Capacity, ¢ [J/g x K] 0.7 -
Powder Bed Density, pyowder [mg/ mm?] 2121 -
Temperature difference, AT [K] 953.15 -

Real Volume Energy Density, Ey

(Equation (1)-Equation (2)) [J/mm?] 9.28 8.04

3.2. Relative Density

According to literature, both processes are capable of achieving near-fully dense parts
with Ti6Al4V [13,35,36]. The achieved densities in this study are illustrated in Figure 3.

The LPBF cubes have an average relative density of 99.98%. These values are in the
range of reported density values [37-39]. The spherical pores in the LPBF sample point
towards a high energy density, leading to keyholing (see Figure 4). The density of the EBM
cubes averages at 99.81%. Increased porosity was observed in the first layers of the EBM
specimens (see Figure 4).

A possible reason for the increased pore count on the bottom of the cube could be
that small pores expand in size due to the extended time exposed to in situ heat treatment.
Korner et al. reported on in situ heat treatment [13]. The use of recycled powder could also
play a role due to the reduced flowability of the powder. Within the scope of this study, the
relative density in overhangs was also investigated. The results are illustrated in Figure 5.
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Figure 4. Cross-sections of LPBF and EBM samples.
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Figure 5. Relative density in LPBF and EBM overhangs. (a) Average overhang density from LPBF
and EBM processes plotted against overhang angle. (b) Cross-sections of LPBF and EBM overhangs.
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The EBM overhangs are denser compared to those manufactured with LPBF. The
density of EBM overhangs decreases linearly with an increasing overhang angle. Pores
form mostly on the lower side of the EBM overhang.

The difference in surface roughness can clearly be seen in Figure 5b: The EBM overhang
was significantly rougher due to sintering and partially melted particles on the lower side
of the overhang. The increase in surface roughness was caused by the preheating/sintering
step prior to selective melting.

No significant difference was found regarding the relative density in voluminous LPBF
and EBM samples when similar heat inputs (i.e., use of similar volume energy densities)
were used. In situ heat treatment showed an effect in EBM overhangs.

3.3. Melt-Pool Size

The melt-pool sizes are shown in Figure 6. The spot sizes of the respective heat sources
are listed in Table 1.

LPBF cube EBM cube

t=140 um t=245pum
d =160 um d =250 um

e 7,2 2000 . 206m

LPBF overhang EBM overhang

t=120 um Et/z; t=245 pm
d =180 um T — d=250 pm

T i

=

- 200um ; 200 um

Figure 6. Melt-pool shape and sizes of LPBF and EBM samples.

In the case of LPBF cubes, the melt-pool depth d was approximately 160 um. Its width
t was approximately 140 pm. A deeper and narrower melt-pool can be observed when
overhanging structures are considered. A depth of 180 um and a width of 120 pm were
measured for the LPBF overhanging samples. This difference in shape and size is due to the
overheating of the part. Since the overhanging part of the sample was close to the powder
with low thermal conductivity, heat piled up in this area. The deep welding effect occurred,
which is characterized by a narrow and deeper melt-pool. In general, the melt pools in
the EBM components were larger than in LPBE. This can be explained by the preheating
strategy in EBM. A constant high temperature was maintained during the build, causing
an increase in melt-pool size.

Significant differences in the melt-pool size could be found, although similar volume
energy densities were used. Even though absorption was considered in the calculation of
the volume energy density, the preheating strategy during EBM significantly affected the
melt-pool size.
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3.4. Geometrical Accuracy of Overhangs

Figure 7a shows the distortion of EBM overhangs. It can be seen that the distortion
increases with an increasing overhang angle, reaching a maximum at a 90° overhang. GOM
scans of LPBF samples are similar to EBM results up to 55° overhang, as shown in Figure 7b;
however, samples with an overhang angle larger than 65° had to be discontinued during
the build due to warping. Based on the available literature on overhangs, the results are as
expected [40-43].
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Figure 7. Distortion in overhangs depending on the overhang angle. (a) Visual representation of
EBM overhang distortion. (b) EBM and LPBF distortion plotted against overhang angle.

A relationship between the layer thickness, angle, and overhang length was developed
by Wang et al. [43]. When increasing the overhang thickness and reducing the overhang
angle, the overhang length can be increased and vice versa.

The overhang quality with a reliably buildable overhang angle depends on the energy
input due to the differing heat dissipation capacity of solid-supported zones compared
to that of powder-supported zones. The heat dissipation capacity in powder-supported
zones can be more than 100 times smaller [44]. As can be seen in the results of this study,
the distortion increases with an increasing overhang angle for the chosen overhang length.
Larger overhang angles (i.e., 90°) can be manufactured with EBM, which was not possible
with LPBF in this study.
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3.5. Roughness
The as built surfaces obtained from LPBF and EBM are illustrated in Figure 8.

LPBF EBM

S,=20.82pm 100 pm S, =41.96 ym

Figure 8. Images of as built LPBF and EBM surfaces.

Partially molten particles are clearly visible on both sample surfaces (i.e., EBM and
LPBF). The partial melting of particles to the surface increases the surface roughness. Since
larger particles were utilized in EBM (see Figure 1), their impact on the surface roughness
was higher than the smaller LPBF particles. The EBM S, value is twice as large as that of
LPBF. This result is in accordance with the results reported in literature [12,13,24,45]. Sand
blasted LPBF and EBM surfaces are illustrated in Figure 9.

LPBF EBM

e

<% Sand blasted sand blasted
S, =12.43 uym 100 pm S,=29.12um

Figure 9. Images of sand blasted LPBF and EBM surfaces.

Sand blasting successfully removes partially molten powder particles. The surface
roughness was reduced to 12.43 pm and 29.12 pm for LPBF and EBM, respectively. For the
same duration of sand blasting, the roughness of the EBM parts remained higher than that
of LPBF parts.

Figure 10a shows the LPBF and EBM overhang surface. As expected, the EBM rough-
ness values surpass those of LPBF by a factor of 2.5. Figure 10b shows a plot of the surface
roughness plotted against the overhang angle. Similar R, values for LPBF were found by
Griinewald et al. using a pulsed laser [46].

The results of the surface roughness do not show a direct correlation with the volume
energy density. The difference in PSD seems to cause the significant differences in the
surface roughness. Further studies on using finer PSD in EBM should be considered while
avoiding process instabilities, as reported in the review by Korner et al. [13].
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Figure 10. Surface roughness results of LPBF and EBM overhangs. (a) Microscope image of sand
blasted LPBF and EBM overhangs. (b) Surface roughness plotted against overhang angle for LPBF

and EBM.

3.6. Hardness

The hardness of the LPBF and EBM cubes are compared in Figure 11. The hardness
values are in accordance to the results found in literature [47,48]. The hardness values for
the overhangs are shown in Figure 12. As can be seen, the LPBF overhangs were at least
twice as hard as the EBM overhangs.

400

395

390
385

HV 0.1 []

380
375

370

LPBF

EBM

Figure 11. Hardness of LPBF and EBM cubes.
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Figure 12. Hardness of LPBF and EBM overhangs.

The reason for the large difference in hardness can be found within the microstructure.
The LPBF samples experienced a rapid solidification (10° K/s [14]), leading to fine grains
that increase the strength according to the Hall-Petch relation [15]. Due to this rapid so-
lidification, the meta-stable strengthening phase martensite forms, as confirmed by Zhao
et al. [16]. The solidification rate during EBM was slower (i.e., ~103-10 K/s [48]) com-
pared to LPBF. The process chamber was held at an elevated temperature (approximately
700 °C), leading to an in situ heat treatment, and cooled down slowly after the build was
finished [13]. Consequently, grains were larger and less or no martensite formed. Cao
et al. reported that LPBF samples show martensite in as-built conditions, whereas in the
heat-treated condition, martensite can decompose [49]. Since an in situ heat treatment
occurs during EBM, martensite will decompose, leading to a reduced hardness.

4. Conclusions and Outlook

In this study, the volume energy density for EBM and LPBF was calculated considering
absorption. Although a similar volume energy density was used, significant differences
in the component quality were observed. The following conclusions can be drawn from
this study:

e It has been found that the volume energy density is similar for both LPBF and EBM
when absorption is considered.

e  While the relative density showed no significant difference, similar results for the
surface roughness, melt-pool dimensions, and hardness could not be achieved in LPBF
and EBM when manufactured with a similar volume energy density.

The energy density is not sufficient to guarantee a similar component quality.
The main reasoning is assumed to be the significant difference in the preheating
strategy in LPBF and EBM.

e  Similar preheating strategies in LPBF, such as the use of VCSELs [50], are required to
achieve a similar component quality in EBM and LPBE.

e  The volume energy density and different preheating strategies should be investigated
in future studies to understand the possibility of process transferability.
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