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Abstract

Electron beam melting (EBM) and selective laser melting (SLM) are representative powder bed
fusion additive manufacturing methods. Because EBM and SLM have different operating and
environmental conditions, such as ambient pressure of the chamber, initial temperature, and heat
source, they have molten pool dynamics. In this study, single-bead melting experiments using EBM
and SLM were performed in conjunction with computational thermal-fluid dynamics simulations in
high-energy conditions to highlight the differences in the molten pool dynamics of EBM and SLM.
The experimental results reveal that SLM is more likely to melt in the keyhole mode than the EBM
pool under nominally identical line energy. The simulations showed that the instantaneous maximum
temperature of the SLM molten pool is much lower than that of the EBM molten pool. An increase in
the preheating temperature is found to strengthen the vapor recoil pressure; however, the vapor recoil
pressure under vacuum is maintained at a considerably low level in EBM. Compared to EBM, the
high atmospheric pressure and multiple laser reflections during SLM significantly enhance the effect
of the vapor recoil pressure on the melt surface. The findings of this study can be useful for the

formulation of appropriate processing strategies for the two processes.
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1. Introduction

The powder-bed fusion process is an essential type of metal additive manufacturing (AM) that
can be used to fabricate high-precision metal parts with intricate and hollow structures. Electron
beam melting (EBM) and selective laser melting (SLM) are representative powder-bed fusion
processes that have been widely used in the aerospace, automotive, biomaterials, energy, and other
industries [1][2]. EBM and SLM share similar working principles and their main differences are
related to their operating and environmental conditions [3]. In EBM, high-speed incident electrons
collide with materials, so that the kinetic energy of the electrons is converted to heat [4]. In SLM, the
thermal energy, which is produced using focused laser photon beams, is partly absorbed by the
materials and partly reflected [5]. Unlike lasers, electron beams penetrate deep into materials with
almost no reflection [6]. Thus, EBM has higher energy efficiency. Concerning the environmental
conditions, the EBM process is conducted under vacuum because gas molecules scatter the electrons.
For example, a helium gas environment with a pressure of 0.2 Pa is used in the Arcam system, and a
backfilled gas environment with a pressure of 10 Pa is used in the Freemelt system. The SLM
process is performed under a nitrogen or argon gas flow with pressure near or above standard
atmospheric pressure (101325 Pa). In addition, EBM is a hot process because preheating is applied to
avoid powder smoke, whereas SLM is usually performed at room temperature.

Researchers have performed comparative studies of metal parts manufactured through EBM and
SLM and confirmed that the differences between the two processes lead to significant variations in
the forming quality [7], microstructure 8], mechanical properties [9], biocompatibility [10], and
corrosion resistance [ 11] of the products. In particular, good forming quality must be ensured by
reducing or suppressing voids and forming defects for the products to reach normal use standards.
Improper processing strategies (such as excessively high or low energy input [ 12], inappropriate
hatch distance and layer thickness [ 13], inhomogeneous powder layer [14], and unsuitable path
planning [15][16]) can cause defects. More importantly, the stability of the molten pool plays a
crucial role in defect suppression. Many types of defects are essentially related to the interaction of
the energy beam with the material and the resulting molten pool dynamics [17][18][19]. The molten
pool dynamics in both EBM and SLM involve multiple physical phenomena, including

Marangoni/buoyancy convection, metal evaporation, capillary effect, and wetting action. The



Marangoni effect mainly drives the high-velocity fluid flow along the melt surface owing to the
temperature-dependent surface tension, which also contributes to the depression of the melt surface
[20][21]. Concerning the physical effects directly related to defect formation, past studies on energy-
beam processing have demonstrated that the vapor recoil pressure can further depress the melt
surface and even create keyhole-induced porosity due to intense vaporization under high-energy
inputs [18][22]. Moreover, in laser processing, when a conically deep molten pool forms, multiple
reflections occur in the melt surface within the depression [23]. As the reflection repeats, the
absorbed laser power increases, causing the melt depression to become deeper and sharper. Such a
deep and unstable molten pool may further lead to porosity [24].

Molten pool behaviors with heat transfer and fluid flow are highly transient and localized.
Researchers usually apply multiphysics numerical models to simulate AM processing. Korner’s
group [25][26] studied the fundamental consolidation mechanisms in EBM by using the 2-D lattice
Boltzmann method. Their results indicated that the hydrodynamics are related to defect formation. A
team at Northwestern University [27][28] applied a 3D modeling method by using computational
fluid dynamics to investigate defect formation during EBM and revealed the underlying physical
mechanisms correlated to the forming quality. A team at Lawrence Livermore National Laboratory
[29][30] proposed a highly resolved numerical model to account for the fluid flow effects related to
the formation of pores, spattering, and denudation during SLM. These studies demonstrated that the
multiphysics numerical simulation is a powerful tool for studying the molten pool dynamics.

The operating and environmental conditions of EBM and SLM, including ambient pressure,
initial temperature (with or without preheating), and heat source characteristics, are quite different;
this inevitably affects the interactions between the energy beam and the material as well as the
resulting molten pool dynamics. The evolution of the molten pool based on the processing
parameters of EBM and SLM has been extensively studied [31][32][33]. These studies were aimed at
probing a suitable range of processing windows. Nevertheless, to highlight the differences in the
interaction between energy beams and materials, attention should be paid to the molten pool
behavior under high-energy conditions. However, these phenomena have seldom been studied. In
particular, high-energy conditions tend to make the molten pool unstable, leading to the possibility of
keyhole formation. A comparison of the tendencies and differences in defect formation during EBM

and SLM under high-energy conditions was expected to reveal the influence of the environmental
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conditions on the molten pool behavior. Therefore, in this study, single-bead melting experiments of
a Co-28Cr-6Mo (CCM) alloy using EBM and SLM in conjunction with computational thermal-fluid
dynamics (CtFD) simulations were performed under high-energy conditions to clarify the differences
in the molten pool dynamics of EBM and SLM. By comparing the molten pool behaviors, the
underlying physical mechanisms related to the molten pool instability were highlighted. CtFD
simulations helped to identify the role of the operating and environmental conditions in determining
the molten pool dynamics for the two processes. The results of this study are expected to be

beneficial for the development of processing strategies with the goal of defect suppression.

2. Methodology

2.1 EBM and SLM processing

To investigate the fundamental molten pool dynamics, single-bead melting experiments were
conducted on CCM alloy baseplates without the interference of a stochastic powder layer. The
composition of the CCM alloy is listed in Table 1. An Arcam" A2X (Arcam, GE Additive, Sweden)
and a Concept Laser ' M2 Cusing (Concept Laser, GE Additive, Germany) were used for the EBM
and SLM experiments, respectively. Some technical data of the Arcam and Concept Laser systems
are shown in Table 2. In the EBM process, a vacuum of 0.2 Pa was maintained in the process
chamber, and the substrate was preheated to 1123 K, which is the standard preheating temperature
for the CCM alloy. The SLM process was implemented under an argon atmosphere with an oxygen
level below 0.4%. The initial temperature of the baseplate was room temperature (298 K). The focus
offsets of the electron and laser beam were zero in both processes. In the EBM process, the focus
offset, which is an additional current, is used to adjust the beam spot size by translating the focal
plane from the zero position. Besides the focus offset, the electron beam size is also influenced by
the beam current [34]. For simplicity, the effect of the beam current on the spot size was ignored in
the simulation; thus, the minimum size in the technical data (Table. 2) was applied. Single-bead
melting trials were conducted at power (P) = 800, 1000, and 1200 W and scan speed (V) = 100 mm/s
for EBM, and P = 240, 300, and 360 W and V = 30 mm/s for SLM. The resulting line energies
(Etine = P/V ) were 8, 10, and 12 J/mm, which were relatively high-energy inputs for both

Pprocessces.



Table 1. Chemical composition of the Co-28Cr-6Mo alloy substrate.

Composition Cr Mo Ni Fe Si Mn C N Co

Value (wt.%) 27.7 6.1 0.02 0.05 0.57 0.6 0.05 0.1 Bal.

Table 2. Technical data of the Arcam and Concept Laser systems.

Machine Arcam” A2X [35] Concept Laser” M2 Cusing [36]
Beam power (W) 50 ~ 3000 200 (fibre laser), 400 (optional)
Beam spot size (FWHM, um) 200 ~ 50 ~200
Beam scan speed (m/s) ~ 8000 ~7
Production speed (cm*/h) ~ 80 2~20
Chamber environment He (~ 0.2 Pa) Argon/N2 atmosphere (101325 Pa)
Operating condition preheating room temperature
Surface finish (vertical/horizontal) Ral5/Ra6 [37] Ra4/Ral0

2.2 Material characterization

The single-bead profile was measured using a Keyence® VR-3200 3D measurement system
(Keyence Co., Osaka, Japan). The samples were cut perpendicularly using a wire electric discharge
machine. After grinding and polishing by standard metallographic techniques, the sectioned samples
were etched for 30 s using a solution of HCI/H202 (6:1). Optical microscopy (OM) was utilized to
observe the molten pool shape. The internal defects within the melt region were detected and
visualized using an X-ray computed tomography (X-CT) system (Comscantecno Co., Ltd,
Yokohama, Japan). The 3D rendering of X-CT data was conducted using ExFact® VR software
(Nihon Visual Science, Inc., Tokyo). The measurement conditions and related parameters of the X-

CT measurement are described in the Appendix.
2.3 Numerical simulations

3D transient CtFD models with multiphysics were developed using the commercial Flow 3D®
[38] coupled with the plug-in Flow weld module, which is widely used in studies on AM heat
transfer and fluid flow [39][40]. Exclusive physical models of the EBM and SLM processes were

introduced to accurately track the molten pool dynamics and fluid-free surface. To solve the precise
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fluid flow, buoyancy and Marangoni convection were realized by introducing a temperature-
dependent density and surface tension, respectively. Moreover, the vapor recoil pressure Precoii(T),
which has an essential influence on the fluid stability (Fig. 1a), was evaluated, and its pressing effect

on the melt surface was executed in the simulation [41]:

AHy (T — Ty)

1
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Precoil (T) = Apoexp [

where p, denotes the ambient pressure (Pa), which varies under the environment of EBM and SLM,
AH;y is the vaporization latent heat (J/kg), Ty is the saturated vapor temperature (K), and R is the
universal gas constant (J/K-mol). The coefficient A is generally assumed to be 0.54 [42], which
suggests that 54% of the vapor pressure is equal to the recoil pressure. The relation between the
saturated vapor pressure pg,; (Pa) and the corresponding saturated vapor temperature Ty (K) is

governed by the Clausius—Clapeyron equation:

Psat(Ty) = py1€xp [( KAy ( ! . )]; (2)

k=DC\Ty; Ty

where py; (Pa)and Ty, (K) denote the pressure-boiling point pair at any given pressure. In the
simulation, the values of p,; and Ty; were applied as the standard atmospheric pressure and the
corresponding boiling point; k is the ratio of the heat capacity (J/kg-K) at a given pressure Cp to
the heat capacity at a given volume Cy; in particular, Ty (boiling point) is a function of pga;
(ambient pressure).

To trace the heat transfer in the simulation, besides thermal conduction, heat radiation and heat
loss through evaporative cooling were activated (see the Appendix). In SLM, the heat source of a
laser beam was approximated with a Gaussian energy distribution and only the irradiated material
surface was considered [39]:

2P 2r?

q(r) = 2 &P <— ?> 3)
where q is the heat flux (W/m?), 7 is the radial distance from the beam center (m), 7, is the actual
beam radius (m), and P is the beam power (W). Notably, as a volumetric heat source, the
penetration depth z (m) in the vertical direction of the electron beam energy in the EBM was

considered. The energy distribution in the depth direction is modeled as [43]

e(z) = e (1 — hio)' 4)



where e is the internally absorbed power per unit volume (W/m?), and h, and e, are the

maximum penetration depth of the electron beam (m) and the corresponding power density,

respectively. To satisfy g = foho edz, e, mustequal (2/hy) - q. Thus,
@) = 2 (1 z> 2P 2r? 5
e = hy ho/ mtrd exp 2 ) )

In addition, the multiple reflection effect of the laser results in an increased energy absorption rate
(Fig. 1b) and plays an essential role during molten pool formation in SLM. The multiple laser
reflections were implemented in the SLM simulation and coupled with the Fresnel energy absorption
model [44], which governs the portion of energy absorbed from the reflected laser ray. The
unabsorbed power due to reflected heat flux Q, (W/m?) depends on the deviation angle ¢ between

the incident ray and surface normal:

_1(1+ ({1 —ecosp)® &®—2¢ecosp + 2(cosp)?
" 2\1+ (1 +ecosp)? 2+ 2ecos@ + 2(cosp)?)’

(6)

where ¢ is a coefficient related to the material properties and laser type. In the simulation, when the
reflected energy is less than 0.01 times the initially incident energy, the reflection is terminated.
Unlike SLM, electrons are almost entirely absorbed and penetrate into the material in contact during
EBM [7][45]. Hence, reflection was not considered in the EBM modeling. For simplicity, the gas
flow field with associated transport phenomena by gas or plasma during SLM was not modeled. The
atmospheric flow contributes to particle or spatter motion in the SLM building chamber [46], which
influences the surface roughness and molten pool stability owing to the variation in laser power
delivered to the material surface [47][48]. Because the study of transport phenomena can be regarded
as separate systematic research, the present study mainly focused on the direct effects of the surface

on the resultant molten pool dynamics during EBM and SLM.
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Fig. 1. Schematics of physical effects in the CtFD model containing (a) vapor recoil pressure in both EBM and
SLM, and (b) multiple laser reflections in the keyhole during SLM. (c) Computational domain with biased

mesh.

As shown in Fig. 1c, to compromise the calculation accuracy and efficiency, we applied a biased
mesh containing a finer mesh of 20 um (roughly equal the actual spatial resolution of X-CT) around
the melted region and a coarser mesh of 40 um in the rest of the baseplate. A void region without a
fluid mass was located above the material and possessed a uniform pressure. The domain top was
assigned as a pressure boundary, which represented the ambient pressure. Additional descriptions of
the modeling physics, material thermophysical properties, and modeling validation of the CtFD

simulation can be found in the Appendix.

3. Results

3.1 Single-bead characterization

The single-bead profiles processed with EBM and SLM were visualized under three sets of

processing conditions. The top and side views of the stereoscopic images are shown in Fig. 2. Under



nominally identical E);,e, the melt beads processed by EBM were wider than those processed by
SLM because the beam spot size of the focused laser was usually finer than that of the electron beam
(Table 2). It is noteworthy that as E};,e increased to 12 J/mm, humping appeared along the melt
bead processed by SLM. The surface humping formed under high-energy conditions was different
from balling or melt fragmentation, resulting from insufficient penetration and action of the surface
tension under low-energy (high scanning speed) conditions [49], which indicates the fluid flow

within the molten pool was highly unstable.
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Fig. 2. Top and side views of the stereoscopic images showing the single-bead profiles processed by (a)(c)(e)

EBM and (b)(d)(f) SLM under Ejine of (a)(b) 8, (c)(d) 10, and (e)(f) 12 J/mm.

As shown in Fig. 3, the single-bead samples were sectioned and examined by OM. The
corresponding width, depth, and width/depth ratio of the melt region were measured from the OM
images (Fig. 3a, b, d, e, g, h). The energy absorption efficiency of the electron beam (up to 90% [50])
is higher than that of the laser beam (up to 60% [51]); moreover, preheating was adopted in EBM.
The application of preheating in EBM increases the thermal conductivity of the material [52], which
has a positive effect on the expansion of the molten pool. Therefore, the area of the melt region (or
the molten pool volume) processed by EBM was much larger than that processed by SLM under

nominally identical Ej;,e; this also indicated by the high deposition rate for EBM. With an increase



in Ejjne, the width and depth of the melt regions processed by both EBM and SLM increased.
Notably, compared with EBM, SLM produced melt regions with considerably small width/depth
ratios, which indicates that SLM tended to generate a narrow and deep molten pool with keyhole
shapes under high-energy conditions [53]. The difference in the melt region shapes of EBM and
SLM suggests that even if the energy absorption rate by the material of the electron beam was higher
than that of the laser, EBM tended to maintain melting in the conduction mode, whereas SLM was
more likely to induce melting in the keyhole mode under high-energy conditions.
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Fig. 3. OM images showing the sectioned single-bead samples processed by (a)(d)(g) EBM and (b)(e)(h) SLM
under Ejjne of (a)(b) 8, (d)(e) 10, and (f)(h) 12 J/mm. The corresponding (c) width, (f) depth, and (i)

width/depth ratio of the melt region were measured from these OM images.

The internal defects within the melt region were examined using the X-CT technique. Fig. 4
shows 3D images of the X-CT measurements of the single-bead samples in which pores larger than
21 pm (this is the actual spatial resolution, which is approximately three times the nominal
resolution) can be detected. Under the three energy input conditions, almost no pores were detected

in the EBM samples. By contrast, in the SLM samples under Ej;,. of 8 and 10 J/mm, some small
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pores appeared sporadically. In particular, for Ej,. of 12 J/mm, conspicuously large pores with
irregular spherical shapes were continuously arranged in the melt region along the scanning
direction. Therefore, in this study, we focused on examining the reasons why such pores were absent
in the samples processed by EBM, considering that the electron beam possessed a higher energy
absorption rate than the laser beam and excessively high energy input usually leads to molten pool
instability and defect formation. The samples were processed under the same Ej;,. so that

differences in the bead profile, molten pool shape, and internal defect were assumed to be due to the

(W

distinct molten pool dynamics.

(em
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Fig. 4. 3D images of X-CT measurements of single-bead samples processed by (a)(c)(e) EBM and (b)(d)(f) SLM

under Ejne of (a)(b) 8, (c)(d) 10, and (e)(f) 12 J/mm.

3.2 Single-bead simulation

Numerical simulations helped to provide insight into the molten pool dynamics and physical
effects influencing the bead profile, molten pool shape, and internal defects. The longitudinal cross-

sections of the CtFD simulated melt beads with temperature contours during melting are shown in
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Fig. 5. Multiphysics, including buoyancy/Marangoni convection and vapor recoil pressure for both
EBM and SLM, and multiple laser reflections for SLM, were activated in the simulations. According
to whether preheating was performed, the initial temperature of the computational domains was 1123
K for EBM and 298 K for SLM. Under two sets of processing conditions, the depressed molten pool
front was presented for both the EBM and SLM. The ratio of opening size to depth of the melt
depression processed by EBM was greater than that of the melt depression processed by SLM,
indicating a weak trend of defect formation during EBM. When Ej;,. was increased to 12 J/mm, the
depression of the molten pool further deepened for both the EBM and SLM. Notably, continuously
arranged pores appeared in the melt bead processed by SLM, showing close agreement between the
simulation (Fig. 5d) and experiment (Fig. 4f). According to the simulated temperature fields, EBM
showed a molten pool with a higher temperature than SLM. The instantaneous maximum
temperatures (Tmax) in the EBM molten pool were 6503 K (Ejipe= 8 J/mm) and 8596 K (Ejjpe= 12
J/mm), which were higher than those in the SLM molten pool, i.e., 2988 K (E}j,e= 8 J/mm) and 3055
K (Ejine= 12 J/mm). Evaporation is a kinetic process. Similarly, in the simulation, if the melt
temperature T at the free surface at time step 1 exceeds the boiling point Ty, the liquid evaporates

atarate I' (kg/s) at the following time steps:

K'(T - Tv)

hAHy | )

[' = adgyr [

where « is an accommodation coefficient, Ag,, is the effective surface area for phase change (m?),
and h is a characteristic length for heat conduction in the liquid at the surface (m). Since in the
model, evaporation only occurs at the computational grid located on the free surface. The non-
surface high-temperature (over boiling point) melt will evaporate after the evaporation of the surface
melt. As a result, the non-surface high-temperature melt can continue to exist for a certain period.
Thus, it is reasonable for the instantaneous temperature of the melt to exceed the boiling point in the
simulation. On the one hand, the electron beam, with high energy efficiency and a preheating
process, allows the EBM molten pool to rise quickly to extremely high temperatures. This
superheating effect contributes to the microstructure refinement in EBM-built aluminum-silicon
eutectic alloys [54]. On the other hand, compared with EBM, the intensified heat convection caused
by the unstable molten pool made it difficult to maintain the high temperature of the SLM molten

pool.
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Fig. 5. Longitudinal cross-sections of the CtFD simulated melt beads with temperature contour during (a)(c)

EBM and (b)(d) SLM under Ejine of (a)(b) 8 and (c)(d) 12 J/mm.

The precise mechanism of pore formation during SLM was investigated through simulations. The
complete process of pore formation is shown in Fig. 6. When the depression of the molten pool was
created and deepened continuously, the bottom melt flowed counterclockwise to the upper part. As
the molten pool advanced, the continuous accumulation of the melt eventually collapsed from the
depression surface and wrapped the bottom cavity to form pores. Such irregular sphere-like pores
were identified as typical keyhole-induced pores. These pores form during keyhole-mode melting
when the metal evaporation-induced cavity is trapped by keyhole collapse [55]. These pores are
initially filled with the metal vapor and become vacuum voids after cooling and solidification. Thus,

with the increase in Ejj,e, the amount of metal evaporation and the depth of the melt depression
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increase. This reduces the stability of the keyhole, thereby forming keyhole pores in the melt bead
processed by SLM.

Scanning direction

Fluid flow

-—

Temperature (K)
[ W e
Y 208 1048 1798 2548 3298

Fig. 6. CtFD simulated process of keyhole-induced pore formation during SLM melting with Ejj,e of 12 J/mm

over time.

4. Discussion

The ambient pressure in the building chamber, initial temperature (with or without preheating),
and absorption and interaction of materials with energy beams during EBM and SLM are different.
Therefore, in the following discussion, the influences of the operating and environmental conditions
on the physical actions related to molten pool instability and defect formation are examined in terms
of the artificial operability through simulations. The comparative simulations were arranged as
follow:

4.1 Influence of ambient pressure: Based on the original EBM simulation result, a comparison
was conducted by changing the ambient pressure (vacuum and standard atmospheric pressure).
4.2 Influence of initial temperature: Based on the simulation results discussed in Section 4.1, a
comparison was conducted by changing the initial temperatures under vacuum and standard

atmospheric pressure.
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4.3 Influence of absorption and interaction of energy beam with materials: Based on the original
SLM simulation results, a comparison was conducted with and without multiple laser
reflections.
Because the essential difference in the modeling between typical EBM and SLM is the ambient
pressure and initial temperature, it was feasible to conduct comparative simulations between EBM
and SLM. Regardless of the process (EBM or SLM) used in the simulation, the same qualitative

simulation results were obtained.
4.1 Influence of ambient pressure

During the interaction of the energy beam with the material, keyhole formation is generally
associated with the metal evaporation-induced recoil pressure. According to a previous study [56],
the molten pool behavior processed by EBM is dominated by the Marangoni effect. Rather than the
vapor recoil pressure, the depressed molten pool front is driven by a steady backward Marangoni
flow along the melt surface because, in addition to the momentum conservation between the metal
vapor and the melt, the counterforce exerted by the atmosphere on the metal vapor is a significant
source of the vapor recoil pressure. As shown in Eq. (1), the magnitude of the vapor recoil pressure is
related to the ambient pressure p,. The high-vacuum environment in EBM may significantly weaken
the effect of the vapor recoil pressure. Therefore, it is worth studying the impact of p, on the
keyholes and accompanying defect formation.

By performing simulations, the influence of p, in EBM was examined with the same P and V.
To control the variables, the scattering effect of the chamber pressure on the spot size change of the
electron beam was neglected, i.e., the beam spot size remained unchanged. Fig. 7 shows the CtFD-
simulated EBM melt beads processed with Ej;,. of 12 J/mm under vacuum (0.2 Pa) and standard
atmospheric pressure (101325 Pa). According to the simulated temperature fields, the instantaneous
maximum temperatures (Tmax) of the molten pool under vacuum were higher than those under
standard atmospheric pressure. The dimensionless Peclet number (Pe) can be used to evaluate the
dominant heat transfer process (heat convection or heat conduction). Pe is the ratio of the heat

convection rate to the heat conduction rate, and is expressed as [57]

heat convection  vpC,AT  vpC,Lg

, ®)

e = =
heat conduction kAT /Lg K
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where v is the fluid velocity (m/s), p is the density (kg/m?), Cp, is the specific heat (J/kg'K), K is

the thermal conductivity (W/m - K), AT is the difference between the maximum temperature and
liquidus (K), and Ly is the characteristic length (m). The average magnitudes of v and Ly (mean
of the molten pool width and depth) during melting were applied. Fig. 8 shows the Pe value as
melting proceeded under vacuum and standard atmospheric. Under 101325 Pa, the Pe values
oscillated and were higher than those under vacuum, which indicates that the heat transfer was
dominated by convection in the case of standard atmospheric pressure. Thus, the heat accumulated in
the molten pool was effectively dissipated owing to the instability of the molten pool, and the heat
convection intensified under standard atmospheric pressure. Accordingly, in addition to the low
energy efficiency of the laser beam, intense heat convection driven by the SLM processing
environment makes the instantaneous maximum temperatures of the SLM molten pool much lower
than those of the EBM molten pool (Fig. 5).

Under standard atmospheric pressure (Fig. 7b), the depressed molten pool front was much deeper
than that under vacuum. In addition, surface irregularities and internal pores appeared under standard
atmospheric pressure. According to Eq. (2), the boiling point of the metal is lower under the low-
pressure condition. The reduction in the boiling point contributes to the increase in the evaporation,
as verified by Bidare et al. [58]. Then, the maximum vapor recoil pressure (Max. VPR) at each time
step was collected from one batch of the simulation. However, from the statistical values of the
maximum vapor recoil pressure in the two cases during melting (Fig. 9), the magnitude under
standard atmospheric pressure was found to be two to three orders of magnitude higher than that
under vacuum. High ambient pressure significantly aggravated the effect of the vapor recoil pressure
on the melt surface. Deep melt depression, formed under high recoil pressure, increased the
instability of the melt surface, creating surface irregularities and keyhole-induced porosity.

Because the ambient pressure is critical in determining the vapor recoil pressure, SLM under
vacuum can effectively suppress defects. As illustrated in a recent study [59] on the chamber
pressure in SLM, compared with the processing under argon atmosphere, the vacuum environment
significantly inhibited keyhole formation when excessive energy input was not applicable, which is
consistent with the present simulation. For improving the forming quality of the SLM-built sample

by reducing the chamber pressure, it is better to avoid inputting excessively high energy. An
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excessive energy input will induce excessive evaporation, counteracting the weakening effect of the
low chamber pressure on the vapor recoil pressure. In particular, owing to the reduction in the
boiling point of the metal under low chamber pressure, additional devices are needed to protect the
laser lens from contamination from the metal vapor, e.g., a protective working lens placed in front of

the sealed lens and cleaned by a brush [60].

Scanning direction

i Temperature (K) 1mm
I 0 _—
L Y 298 1048 1798 2548 3298
Fig. 7. CtFD simulated EBM melt beads processed with an Ej;,e of 12 J/mm and an initial temperature of

1123 K under (a) vacuum (0.2 Pa) and (b) standard atmospheric pressure (101325 Pa).
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Fig. 8. Peclet number as a function of time during the simulations of melt beads processed with an Ejj,e of

12 J/mm under vacuum (0.2 Pa) and standard atmospheric pressure (101325 Pa).
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Fig. 9. Statistical values of the maximum vapor recoil pressure during EBM melting under vacuum (0.2 Pa)

and standard atmospheric pressure (101325 Pa) and an Ejjpe of 12 J/mm.

4.2 Influence of initial temperature

To investigate the influence of the initial temperature on the molten pool behavior, a set of
simulations without preheating (room temperature, 298 K) were implemented and compared with the
corresponding simulations performed with preheating (1123 K), as discussed in Section 4.1. Fig. 10
illustrates the CtFD-simulated EBM melt beads without preheating under vacuum and standard
atmospheric pressure. As in the case shown in Fig. 7, a defect appeared in the case of standard
atmospheric pressure. Importantly, a comparison of Fig. 7b and Fig. 10b reveals that under standard
atmospheric pressure, the tendency of defect formation increased as the initial temperature increased.
However, a comparison of Fig. 7a and Fig. 10a shows that under vacuum, there was no noticeable
variation in the molten pool behavior, which indicates that the ambient pressure affects the melt
depression during melting more than the initial temperature. Moreover, a comparison of Fig. 7 and
Fig. 10 reveals that the effect of the high initial temperature (application of preheating) on the
increase in the instantaneous maximum temperatures of the molten pool is relatively small,
indicating that the heat convection driven by the fluid flow significantly affects the molten pool
temperature. By comparing the simulation results of the maximum vapor recoil pressure at the two
initial temperatures (Fig. 11a), it can be seen that increase in the initial temperature strengthened the
vapor recoil pressure to a certain extent. As shown in Fig. 11b and ¢, such enhancements in the vapor

recoil pressure were due to the increase in the metal evaporation rate with the increase in the initial
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temperature. Preheating has been shown to increase the thermal conductivity, which improves the
efficiency of the heat transfer during beam—matter interactions [52][61]. Thus, a high initial
temperature causes the molten metal to quickly heat above the boiling point. However, the vapor
recoil pressure under vacuum was considerably low both when preheated and when not preheated. In
addition, the severe oscillation of the evaporation rate under atmospheric pressure shown in Fig. 11c
also illustrates the molten pool instability determined by the vapor recoil pressure. The unstable melt
surface was accompanied by a drastic change in the surface area irradiated by the electron beam,
which caused oscillations in the evaporation rate. Thus, owing to the decisive role of the ambient
pressure, the vapor recoil pressure was particularly sensitive to the initial temperature under standard
atmospheric pressure. Generally, for SLM under standard atmospheric pressure, preheating to
increase the initial temperature is beneficial for reducing stress and suppressing cracks [62].
However, the simulation results show that the application of preheating also increases the
evaporation rate, as well as the vapor recoil pressure and hence, the probability of keyhole-induced
porosity formation. A recent study [63] showed that the amount of evaporated metal was increased
by preheating the baseplate in SLM. Another survey on single-track melting by SLM [64] revealed
that the preheating contributed to the instability of the melt track. The results of these studies are
consistent with the present simulation results. Moreover, preheating has been shown to accelerate the
powder degradation with increased oxygen content [65]. Therefore, to prevent defects, the preheating

temperature for SLM must be chosen carefully, and preheating under vacuum is recommended.
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Fig. 10. CtFD simulated EBM melt beads processed with an Eji,e of 12 J/mm and without preheating (room

temperature, 298 K) under (a) vacuum and (b) standard atmospheric pressure.
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4.3 Influence of absorption and interaction of energy beam with materials

The characteristics of the heat source determine the energy absorption. In EBM, when fast-
moving electrons strike a metal, the electrons penetrate the molecular lattice of the material, and the
kinetic energy of the electrons is almost entirely absorbed to heat the material instantly.
Comparatively, in SLM, the laser photons are focused on the metal surface to melt the material by
radiant heat. The ways of absorbing heat are very different between EBM and SLM. A major issue in
SLM is that laser reflection from mirror-like molten metals can reflect some of the laser photons. In
particular, when a laser irradiates a melt depression, the laser can be repeatedly reflected and
absorbed between the interior surfaces of the melt depression [24][25]. Such multiple laser

reflections improve the heat absorption from the laser. To study the influence of the multiple laser
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reflections on the molten pool behavior, a simulation without multiple reflections was implemented
by invalidating the second reflection. Fig. 12 shows the CtFD-simulated SLM melt beads with and
without multiple reflections using the same P and V. It can be observed that, without multiple
reflections, the keyhole-induced porosity was significantly lower. Fig. 13 shows the CtFD simulated
SLM melting processes with and without multiple reflections of the laser over time; the red arrow
indicates the reflected laser tracing. The depression depth of the molten pool front decreased with
decreasing laser reflection. Shallow melt depression helped to improve the molten pool stability and
further avoid keyhole formation. As shown in Fig. 14, the shallow melt depression was caused by the
decrease in the heat flux absorbed from the laser when multiple reflections were invalidated. This
analysis reveals that under high-energy conditions, the molten pool instability of SLM under
atmospheric pressure mainly resulted from the recoil pressure caused by evaporation. When the melt
depression was formed, the multiple laser reflections inside the depression increased the heat
absorption rate, thereby increasing the evaporation amount and making the melt depression deeper

and sharper. Eventually, keyhole collapse easily occurred and formed pores.

Scanning direction

y Temperature (K) 1 mm
v 298 1048 1798 2548 3298

Fig. 12. CtFD simulated SLM melt beads processed with an Ejj,e of 12 J/mm (a) with and (b) without

multiple laser reflections.
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4.4 Summary and prospect
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The above results confirm the possibility of improving the molten pool instability and suppress
defects by manipulating the operating and environmental conditions in EBM and SLM. Although the
above results were derived by using a CCM alloy, they are applicable to other metal materials.
Notably, as metal parts are built by powder bed fusion in a track-by-track and layer-by-layer manner,
the remelting process between tracks and layers is important for defect suppression. Applying
preheating can increase the melt width and depth, thereby suppressing the lack of fusion between
tracks and layers and extending the lower limit of the energy input in the process window. The
porosity originated in the previously solidified track or layer can be partially mitigated or fixed by a
remelting process. However, the new porosity induced by the instable melt within the subsequently
deposited track or layer is inevitable if the process parameters are unchanged. The forming quality of
the as-built parts depends on the stable and flawless melt tracks. Reducing the keyhole-induced
porosity in the melt track by lowering the ambient pressure can extend the higher limit of the energy
input in the process window.

The present study focused on the comparison of the fundamental molten pool dynamics in EBM
and SLM. Thus, this study is limited because no powder layer was considered in the experiments and
simulations. Both the typical powder size with corresponding layer thickness and the energy transfer
phenomenon depending on the particle size distribution are different between EBM and SLM. In a
future study, we will investigate the influence of the powder layer on the dynamics of EBM and SLM

molten pools.

5. Conclusions

Single-bead melting experiments were performed using EBM and SLM in conjunction with
CtFD simulations under high-energy conditions to clarify the role of the operating and environmental
conditions in the determination of the molten pool dynamics. The main conclusions are summarized
as follows:

1) Owing to the slight vapor recoil pressure under vacuum, EBM tended to maintain melting in the
conduction mode, whereas SLM was more likely to melt in keyhole mode under high-energy

conditions.
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2) Experimental X-CT results and numerical simulation showed that as the energy input increased,
the keyhole-induced pores were more likely to appear in the melt bead processed by SLM.

3) The instantaneous maximum temperature of the SLM molten pool was much lower than that of
the EBM molten pool, which was due to the intense heat convection during SLM under standard
atmospheric pressure. Compared to EBM, the higher ambient pressure in SLM increased the
effect of the vapor recoil pressure on the melt surface.

4) Increasing the initial temperature strengthened the vapor recoil pressure owing to the increase in
the metal evaporation rate. However, the vapor recoil pressures under vacuum remained
considerably low in EBM with preheating.

5) In SLM, the multiple laser reflections inside the melt depression increased the heat absorption
rate, thereby increasing the evaporation and making the melt depression deeper and sharper. This

caused keyhole collapse and pore formation.
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Appendix
Al. Fluid convection in CtFD modeling

Buoyant convection occurs as the fluid density varies owing to thermal expansion. By introducing a
temperature-dependent density, the buoyancy effect is activated. The density of a solid CCM alloy
can be calculated from thermal expansion data [66]. The temperature-dependent density of the liquid
alloy was estimated using an empirical equation derived by Valencia [67]. In addition, the Marangoni

effect is a result of the temperature-dependent surface tension:

d
y(T) =y + 7 (T =Ty, (A1)
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where y;, is the referenced surface tension (J/m?) at the liquidus, and dy/dT denotes the
temperature coefficient of surface tension (J/m?-K). Therefore, the Marangoni force, which acts

along the surface tangent and drives the Marangoni convection, is expressed as

dy dy
—_—a— '2
dx dT VI, (8-2)

where VT is the temperature gradient (K/m) along the fluid surface.
A2. Heat transfer in CtFD modeling

In addition to the thermal conduction j*, we introduce the heat radiation, which is expressed by the

Stefan—Boltzmann law:
j*=ea(T* = T3, (A3)

where ¢ is the material emissivity, o is the Stefan-Boltzmann constant (W/m*K*), and T, is the
ambient temperature (K). Moreover, the heat loss due to evaporative cooling when the temperature

of the liquid surface T exceeds the saturation temperature Ty is described as [68]

0.82AH*

AH*(T — Ty)
2nTMRT

RTTo | (A.4)

Qvap = DPo€Xp l

where M is the vapor molar mass, and AH* is the effective enthalpy (J/kg), which is expressed as

k(k + 1RT

AH* = AHyy + o T NE
W k=1

(A.5)

A3. Physical properties of CCM alloy and coefficients/constants applied in CtFD simulation

The parameters applied in the numerical simulation are listed in Table A.1.

Table A.1. Physical properties of CCM alloy and coefficients/constants applied in the simulation

Name Symbol and unit Value
Density p (g/cm?3) 8.28~7.13
Viscosity u (mPa-s) 5.6~7.9
Thermal conductivity K (W/m-K) 14.5~37.6
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Specific heat Cp (J/kg - K) 465~760

Emissivity € 0.23
Liquidus temperature T., (K) 1703
Solidus Temperature Ts (K) 1623
Boiling point at standard

Tv: (K) 3225
atmospheric pressure
Latent heat of fusion AHg;, (J/kg) 3.14¢+05
Latent heat of vaporization AH;y (J/kg) 6.34e+06
Surface tension at Ty, yL (J/m?) 1.85
Temperature coefficient of surface dy

5(]/m2 - K) -0. 00043
tension
Adiabatic index k 1.66
Stefan-Boltzmann constant o (W/m? - K% 5.67¢-08
Universal gas constant R (J/K-mol) 8.314
Environment temperature T, (K) 298

A4. Parameters of X-CT measurement

The parameters of the X-CT measurement are listed in Table A.2.

Table A.2. Measurement conditions and related parameters of X-CT measurements

Name Value

X-ray voltage 150 kV

X-ray current 66 pA

Inclined angle 0°

Pixel size 0.0495 mm
Nominal resolution 7 um

Addition count (mean) 6

Addition count (sum) 1

Addition rate 1 (frame/second)
Save projection 400
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Imaging matrix (width) 2304
Imaging matrix (height) 1300

Scan time 39.9 (min)
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