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The energy beam and powder layer interaction influences the dynamic melt behavior and de-
termines the surface quality in electron beam powder bed fusion (PBF-EB). It is generally believed
that increasing the powder layer thickness favors production efficiency but is contradictory to
improving the forming quality. How variations in the powder layer thickness affect the inter-
action between the electron beam and the powder bed, which influences the melt behavior and
resultant surface quality, has not been well understood. In this study, cylindrical specimens with
increased nominal layer thicknesses from 80 to 140 pym were prepared using PBF-EB. The study
verified the processing feasibility of ensuring the forming quality under a high layer thickness.
Within the processing regime of this study, a relatively large powder layer thickness expanded
the processing window. According to the thermophysical-property analysis of the powder bed,
the emissivity and thermal conductivity exhibited upward and downward trends, respectively,
with increased powder layer thickness. The increased thickness reduced the fusion efficiency,
restricting the height difference within the overall sample surface caused by overheating. The
numerical simulation clarified the dependence of the layer thickness-effect on the processing
conditions. The proportion of incomplete melted powder in the electron beam irradiating area
increased at a high scan speed. Subsequently, the hindering effect on heat absorption and
transfer caused by the powder layer and its increased thickness was fully manifested. That s, the
evolution trend of melt behavior and surface morphology resulting from increased layer thick-
ness is remarkable at high scan speeds.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The excellent forming quality and target properties of addi-
tively manufactured parts depend on accurately controlling
the process parameters. Metal powder melting is one of the
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primary forming methods for metal additive manufacturing
(AM) in high-end equipment manufacturing fields, such as
aerospace, automobiles, and energy [1]. Consequently, the
processing parameters related to the powder and its trans-
portation can significantly impact the forming quality [2]. In
the powder bed fusion (PBF) process, the layer thickness,

E-mail address: kenta.aoyagi.e7@tohoku.ac.jp (K. Aoyagi).

https://doi.org/10.1016/j.jmrt.2023.08.288
2238-7854/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kenta.aoyagi.e7@tohoku.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.08.288&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.08.288
https://doi.org/10.1016/j.jmrt.2023.08.288
https://doi.org/10.1016/j.jmrt.2023.08.288
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:5264—-5279

5265

packing density, and uniformity of the powder layer directly
influence the interaction between the high-energy beam (laser
[3] or electron beam [4]) and the powder layer, as well as the
corresponding dynamic melt behavior [5], thus determining
the internal defect forming tendencies and the surface quality
of the fusion layer [6].

Electron beam powder bed fusion (PBF-EB) is an AM
technique based on exposing a metal powder to an electron
beam and melting it [7]. Although the essential function and
selective melting process of the metal powder layer are
common to laser PBF, the electron beam deflection relies on
electromagnetic control without mass and inertia rather
than the mechanical mirror that is applicable to laser
techniques; thus, the electron beam can be located almost
instantaneously over the entire building area, and simulta-
neously handle multiple molten pools [8]. Moreover, an
electron beam exhibits deeper penetration into powder
layers than a laser beam and can theoretically be assumed
to possess a relatively high forming efficiency with an ability
to melt an extensive range of powder layer thicknesses [9]. It
is generally believed that increasing the powder layer
thickness does not improve the forming quality during the
PBF process [10]. Consequently, in conventional experi-
ments and production, the applied layer thickness is close to
the mean powder particle size, based on empirical engi-
neering practices [11]. This is to ensure sufficient powder to
be laid and coated during the initial stage of forming
without impairing the forming quality. For PBF-EB, the
feasibility of increased layer thickness for processing has
attracted the researchers’ attention.

To date, research on the effect of layer thickness on
forming quality has focused primarily on laser PBF (PBF-L).
The effect of increasing the powder layer thickness on
densification [12] and surface finish [13] has been studied.
Other studies have suggested that a high layer thickness im-
proves productivity [14]. However, the extensively increased
layer thickness reduces density and accuracy and increases
surface roughness, resulting from the more easily formed
melt agglomerate and lack of fusion [15]. With increasing layer
thickness, multiple laser reflections between particles can be
promoted to some extent, which could enhance laser energy
absorption [16]. However, excessive layer thickness weakens
the wetting effect between the melt and the substrate plane,
which easily coalesces and agglomerates under the action of
surface tension [17]. Inhomogeneous melting with a rugged
melt-track profile can lead to internal porosity and increased
surface roughness [18]. Notably, owing to the different phys-
ical characteristics of the laser and electron beam [19], the
influence mechanism of powder layer thickness variations on
the interaction between the powder and electron beam must
differ. Regarding energy absorption, PBF-L is affected mainly
by the surface morphology of the powder bed [20], while PBF-
EB is dominated by its thermophysical properties [21]. Only a
few studies have been performed to evaluate the feasibility
and effect of a high layer thickness on PBF-EB-built parts. A
representative study conducted by Li et al. [22] showed that
even if the powder layer thickness increased to 300 um, dense
samples (density >99.5%) could be obtained. Although the
high layer thickness inherently increases the surface rough-
ness owing to the more pronounced stochastic effect of the

powder layer, applying an augmented accelerating voltage
(90 kV) can improve the surface finish by increasing the melt
penetrability [9]. It is evident that compared with PBF-L, PBF-
EB is less sensitive to the powder layer thickness. Neverthe-
less, how variations in the powder layer thickness affect the
interaction between the powder bed and electron beam, as
well as the influence mechanism on the melt behavior and
resultant surface roughness, have not been well understood.
Moreover, the processing window corresponding to the
different layer thicknesses requires further investigation.

This study prepared four batches of cylindrical spec-
imens—with increasing layer thicknesses from 80 to
140 pm—using PBF-EB within the same range of processing
parameters. The sample surface roughness was characterized
and classified to derive the processing windows using
different powder layer thicknesses. Changes in the surface
roughness with the layer thickness were analyzed. Combined
with thermophysical-property analysis of the powder bed and
numerical simulation of the heat and mass transfer, the in-
fluence mechanism of the layer thickness on the melt
behavior and resultant surface quality was determined, and
the dependence of the layer thickness-effect on the process-
ing conditions was clarified. This research lays a scientific
foundation for successfully implementing efficient PBF-EB
building by applying appropriate powder layer thicknesses
and matching processing conditions.

2. Materials and methods
2.1. Materials and PBF-EB process

Ti6Al4V alloy powders fabricated using the plasma rotating
electrode process (JAMPT Corporation, Miyagi, Japan) were
used for PBF-EB building trials. The scanning electron micro-
scopy (SEM) results in Fig. 1(a) show particles with excellent
sphericity, which can contribute to a smooth powder flow.
The particle size distribution (PSD) was measured using a laser
diffraction particle size analyzer (MT3200, Microtrac Retsch
GmbH, PA, US).

As shown in Fig. 1(b), the PSD has a Gaussian distribution
with a mean diameter of 85.18 um. Four batches of cylindrical
samples were built with nominal layer thicknesses of 80, 100,
120, and 140 pm. For each batch of forming experiments, 29
samples were dislocated on a SUS304 substrate, as shown in
Fig. 1(c). Fig. 1(d) shows the diameter and height of the cylin-
drical sample to be 20 mm, with a 3-mm high support struc-
ture being set between the sample bottom and the substrate.
PBF-EB building trials were conducted using an Arcam EBM
Q20plus system (GE Additive, West Chester, OH, US). A bidi-
rectional scanning mode with 90° rotation between layers was
applied to the built sample. The processing parameters of
each sample are listed in Table 1. The beam diameter deter-
mined by focus offset was about 300 um. The electron beam
power (P) is equal to the product of the current and accelera-
tion voltages. This study used the speed function [23], so the
calculated scan speed (V) is also listed. The beam current used
for preheating the powder layer was 43—48 mA, and during the
building process, the pressure in the vacuum chamber was
10~2 mbar.
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Fig. 1 — (a) Scanning electron microscopy image of the Ti6Al4V powder particles with (b) a Gaussian distribution of the
particle size. (c) For each batch of forming experiment, 29 samples are dislocated on a SUS304 substrate. (d) The cylindrical
samples have a diameter and height of 20 mm, with a 3-mm high support structure being set between the sample bottom
and the substrate.

Table 1 — The PBF-EB processing parameters for each sample.

No. Voltage Current Power Speed Calculated scan Line offset Focus offset
(kVv) (mA) (W) function speed (mm/s) (mm) (mA)
1 60 5 300 25 157.4833 0.18 35
2 5 300 20 128.025 0.18
3 8 480 20 246.6667 0.18
4 10 600 20 412.3611 0.18
5 5 300 25 157.4833 0.18
6 480 25 305 0.18
7 10 600 25 510.2778 0.18
8 5 300 30 186.9417 0.18
9 8 480 30 363.3333 0.18
10 10 600 30 608.1944 0.18
11 5 300 25 157.4833 0.2
12 5 300 20 128.025 0.2
13 480 20 246.6667 0.2
14 10 600 20 412.3611 0.2
15 5 300 25 157.4833 0.2
16 8 480 25 305 0.2
17 10 600 25 510.2778 0.2
18 5 300 30 186.9417 0.2
19 480 30 363.3333 0.2
20 10 600 30 608.1944 0.2
21 5 300 20 128.025 0.22
22 8 480 20 246.6667 0.22
23 10 600 20 412.3611 0.22
24 5 300 25 157.4833 0.22
25 480 25 305 0.22
26 10 600 25 510.2778 0.22
27 5 300 30 186.9417 0.22
28 8 480 30 363.3333 0.22
29 10 600 30 608.1944 0.22
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2.2. Characterization

The upper surface roughness of each sample was measured
using a 3D measurement system with a wide-area (Keyence
VR-3200, Keyence Corporation, IL, US) to evaluate the surface
quality. The measurement indexes S, (arithmetical mean
height) and S, (developed interfacial area ratio) of the surface
roughness were characterized to evaluate the surface quality
with different measurement standards. S, denotes the abso-
lute value of the height difference at each point compared
with the arithmetic mean value of the surface [24]—that is, Sy,
is the additional surface area percentage caused by the sur-
face texture compared with the surface projection area [25].
Consequently, S, denotes the ups and downs of the surface,
whereas Sy, reflects greater stress on the surface texture.
Additionally, the sample density was measured using the
Archimedes drainage method.

2.3. Numerical simulation

To determine how variations in the powder layer thickness
affect the interaction between the powder bed and electron
beam, as well as the influence mechanism on the melt
behavior and the resultant surface roughness, a numerical
framework was developed for powder bed generation and
single-track fusion using an electron beam. The simulation
data of the powder bed with different nominal layer thick-
nesses were obtained using YADE [26] software based on the
discrete element method (DEM) [27]. Under the control of the
contact law [28], the geometric data of particle arrangement in
the powder bed were obtained using powder-spread simula-
tions with inputs of PSD, density, elastic modulus, and other
Ti6Al4V powder characteristic parameters (Table 2). The spe-
cific model and related settings can be found in previous
studies [21].

Then the single-track melting simulation was performed.
The powder bed data (as the computational domain) were
then imported into the computational thermo-fluid dynamic
(CtFD) [29] simulation implemented using the Flow 3D
multiphysics-modeling software [30] coupled with an AM
module. Because the PBF-EB processing chamber is main-
tained in a vacuum, the cooling effect caused by gas convec-
tion can be ignored [31]; thus, the heat transfer in the
computational domain primarily involves heat conduction
and radiation. The circular electron beam volumetric heat

Table 2 — Parameters and particle properties applied in
the DEM simulation.

Input parameters Values
Particle density 4420 kg/m?
Young's modulus of particle 110 GPa
Young's modulus of substrate 193 GPa
Poisson's ratio of particle 0.342
Poisson's ratio of substrate 0.250
Dynamic friction coefficient of interparticle 0.531
Dynamic friction coefficient between particles 0.239
and base plate
Interparticle restitution coefficient 0.15
Restitution coefficient between particles and 0.30

base plate

source with a Gaussian energy distribution has a certain
penetration depth. The energy distribution in the depth di-
rection was modeled in a previous study [32]. Moreover, the
energy utilization rate was set to 90% [33]. The thermophysical
properties of the Ti6Al4V alloy applied in the CtFD simulations
are shown in Table 3. The boundary conditions of the
computational domain can be referred to in the study [34].
Other numerical applications of parameters/coefficients and
model validation can be found in previous studies [35]. The
initial temperature of the computational domain was set at
700 °C, the default preheating temperature for Ti6Al4V alloy in
Arcam EBM Q20plus system.

3. Results
3.1. Processing window

At first, Archimedes’ method was applied to determine the
specific densities of all samples. Except for the samples that
failed to form, the specific density of all other samples is
greater than 98.5%. Overall, dense samples were obtained,;
thus, this work focused on the forming quality of the upper
surface. This study determined the processing window for
different nominal layer thicknesses based on the surface
quality of PBF-EB built samples. Notably, the overall height
fluctuation/difference and surface texture/stripes must be
measured by distinct indicators. Although the sample shown
in Fig. 2(a) has a smoother surface than that shown in Fig. 2(b),
it has a relatively higher S, value because of its higher bulge
height at the edge—in other words, it may be not easy to
evaluate surface quality objectively and comprehensively
using only S,. With the introduction of Sg,, the rough texture of
the sample shown in Fig. 2(b) can be truly reflected. Based on
the above considerations, this study classified the surface
quality by setting thresholds for both S, and S, before deriving
the processing window. When S, < 45 pm and S, < 0.05, the
surface profile can be defined as Smooth and Even (Fig. 2(c));
when S, < 80 um and Sg, > 0.05, it can be defined as Even

Table 3 — Parameters and Ti6Al4V properties applied in
the CtFD simulation.

Input parameters Symbol and unit  Value
Density p (g/cm?3) 3.75 ~ 4.42
Viscosity w (mPa-s) 2.36 ~ 3.25
Thermal conductivity k (W/m-K) 7.00 ~ 34.6
Specific heat Cp (J/kg-K) 546 ~ 831
Emissivity e 0.224
Liquidus temperature Ty (K) 1923
Solidus temperature Ts (K) 1873
Boiling point at standard Tva (K) 3533
atmospheric pressure
Latent heat of fusion AHg, (1/kg) 2.86e+05
Latent heat of vaporization AHyy (/kg) 9.83e+06
Surface tension at T;, L (J/m?) 1.525
Temperature coefficient of % (J/m?-K) —0.00028

surface tension
Adiabatic index k 1.66

Stefan—Boltzmann constant o (W/m?2-K*) 5.67e—08
Universal gas constant R (J/K-mol) 8.314
Initial environment temperature To (K) 298
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Fig. 2 — Images showing the upper surface profile. Although the sample in (a) has a smoother surface than that in (b), it has
a relatively higher S, value due to its higher bulge height only at the edge. With S, the rough texture (relatively high S;,
value) of the sample can be truly reflected. The samples can be classified as (c) Smooth and Even, (d) Even, and (e) Uneven

based on the thresholds for both S, and Sg,.

(Fig. 2(d)); and when S, > 80 pm, it can be defined as Uneven
(Fig. 2(e)).

Since layer thickness is variable, area energy is used to
establish the process map instead of volume energy. Using the
above metrics, the process map for each layer thickness was
drawn based on the scan speed (V) and area energy (P/V/line
offset). As shown in Fig. 3, apart from the forming failure
under a minimum layer thickness of 80 um, the sample
building could be successfully constructed under other layer
thickness conditions. This is because the nominal layer
thickness of 80 um is slightly smaller than the average diam-
eter of the powder, making it easy to form a non-uniform, thin
fusion layer during the initial building stage, leading to non-
uniformities being more prominent during the subsequent
deposition process [36]—that is, a stable and continuous
fusion layer cannot be formed. With an increase in the nom-
inal layer thickness, it is evident that not only is the forming
failure eliminated, but the number of Uneven samples in the
cases of 120- and 140-um layer thickness is less than that in
the case of 100-pm layer thickness. Additionally, the Even
samples are located primarily in the low scan-speed region,
which is related to the instability of the melt at high scan
speeds.

The study verified the processing feasibility of ensuring the
forming quality under a high layer thickness. Regarding the
powder and layer thickness range used in this study, the
relatively large powder layer thickness expands the process-
ing window to a certain extent. The thicker the powder layer,

the greater the packing density and specific surface area of the
powder bed [37]. A high packing density is conducive to
increasing the sample density. Still, for electron beam
melting, an increased specific surface area of the powder layer
increases the thermal emissivity, thereby reducing the heat
absorption in the interaction between the powder and elec-
tron beam [21]. Consequently, the evolution of fusion behavior
with layer thickness in this study will be further discussed
with numerical simulations.

3.2. Evolution of forming quality

It is evident from the process maps that within the regime of
this study, the processing window expands with an increase
in layer thickness. Specifically, Fig. 4 shows that the related
forming qualities evolve with nominal powder layer thickness
variations. The corresponding box plots were drawn based on
the density, S, and S values of each sample in the four
batches of the building experiments. The box plots reflect the
overall distribution characteristics of each data group for each
layer thickness. The horizontal lines represent the maximum,
minimum, median, and mean values.

As shown in Fig. 4(a), the sample densities decrease with
the increased nominal layer thickness. However, the relative
densities of all samples are greater than 98.5%, which means
that in terms of density, the high layer thickness used in this
study (140 um) does not result in a perceptible reduction in
density. From the perspective of surface roughness, the mean
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Fig. 3 — Processing map under different nominal powder layer thicknesses of (a) 80, (b) 100, (c) 120, and (d) 140 pm.
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value of S, decreases, and the mean value of Sy, increases with
an increase in layer thickness—in other words, in the previous
section (Fig. 3), when the layer thickness increased to more
than 100 pm, the expansion of the processing window was due
primarily to the decrease in S,. When the layer thickness
continued to increase to 140 um, the increase in Sy, reduced
the number of Smooth and Even samples compared to the 100-
pum case. The observed relationship between the layer thick-
ness and the dynamic melt behavior indicates that a high
layer thickness helps restrain the fluctuation and reduce the
height difference within the overall area of the sample's upper
surface. Nevertheless, increased Sg, indicates that a high layer
thickness contributes to forming a rough surface texture.
Consequently, the effect of the powder layer thickness on the
evolution of surface quality cannot be lumped under one
category, while the influencing mechanism of the layer
thickness needs to be further discussed from the perspective
of dynamic melt behavior during the fusion process.

Consequently, examining whether the powder layer thick-
ness is sensitive to the electron beam parameters (power and
scan speed) is essential. Fig. 5 shows variations in the surface
roughness S, and Sg, with the power and scan speed. The results
show that S, and Sy, exhibit an increasing trend with increasing
power and scan speed, with fluctuating values among the
various conditions becoming substantial. High power tends to
cause melt overheating and an oversized molten pool, while a
high scan speed induces Rayleigh—Plateau instability [38].

Itis worth noting that—as is evident from the dispersion of
the roughness indicators S, and Sg, under various processing
conditions—both the overall roughness and the differences
between samples are small under low power and scan-speed
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conditions—that is, the effect of the powder layer thickness
on the surface quality also tends to be weak. Fig. 6 shows the
surface profiles of representative samples under high and low
power and scan-speed conditions.

Herein, the linear energy densities of samples #27 (Fig. 6(a))
and #14 (Fig. 6(b)) are similar, but the evolution trend is
inconsistent with variations in the layer thickness. Under low
power and scan-speed conditions (#27: P = 300 W,
V = 186.94 mm/s), the sample surface is Even and Smooth, and
the change in surface morphology with powder layer thick-
ness is almost imperceptible. In stark contrast, under high
power and scan-speed conditions (#14: P = 600 W,
V = 412.36 mm/s), the surface morphology of the samples
varies from a wide range of ups and downs to small-scale
bulges distributed on the surface plane with increasing layer
thickness. Notably, as is evident from Fig. 6(c) and (d), with an
increase in the powder layer thickness, the overall height
difference of the undulation on the surface of sample #14
decreases, so the S, value tends to decrease too, whereas an
increase in the number of local bulges makes the surface
texture prominent, so the Sy, value exhibits an upward trend.
These results are consistent with the evolutionary trends
shown in Fig. 4.

Whether the effect of layer thickness variation on the surface
topography under a given processing condition or the sensitivity
of surface quality to layer thickness under different processing
conditions is actually determined by the heat and mass transfer
behavior during the interaction between the powder layer and
electron beam and remains to be confirmed, which would be
insightful to understand the melt dynamics and mechanisms
involved. In the following sections, simulation analysis explains
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Fig. 5 — Evolution of surface roughness (a) (b) S, and (c) (d) Sa4, with (a) (c) power and (b) (d) scan speed.
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Fig. 6 — (a) (b) Surface profile of representative samples under high and low power and scan speeds conditions. Evolution of
corresponding surface roughness (c) S, and (d) S4, with powder layer thickness. The linear energy density of (a) sample #27
and (b) sample #14 are close, but the evolution trend is clearly inconsistent with layer thickness variations.

the surface morphology evolution with the powder layer
thickness under the above different processing conditions.

3.3. Fusion simulation illustrating melt behavior

A DEM simulation was performed considering powder bed
generation to simulate the powder layer fusion process. The
DEM simulations were implemented using the nominal layer
thickness Lo. As the volume of the powder layer decreases
after fusion and the proportion of the solid phase is close to
the original powder layer packing density, the preset layer
thickness of the next layer L, in the DEM simulation can be
obtained using the equation L, = Lo + Ln.1 (1—pp), Where p,
denotes the packing density of the previous layer.

After the initial several layers are deposited, the practical
layer thickness reaches a stable value, as shown in Fig. 7.
Herein, nominal layer thicknesses of 80 and 140 pm were
selected for the simulation and comparative analysis. Input-
ting the geometric data of the DEM powder layer with stable
layer thickness into the computational domain of the CtFD
simulation, the single-track fusion simulations were then
conducted under the processing conditions of samples #27
and #14 (Fig. 6).

Fig. 8 shows the melt-track profile after fusion and the melt
pool geometry during the CtFD melting simulation. Under the

processing conditions of sample #27 (Fig. 8(a) and (c)), there is
no obvious difference in the melt-track morphology charac-
teristics for different layer thicknesses. The heights of the two
tracks at the corresponding positions are practically consis-
tent. The height of the melt-track front end is relatively low,
which is the result of melt depression induced by Marangoni
convection [39], as shown in Fig. 8(b) and (d).

By contrast, under the processing conditions of sample #14
(Fig. 8(e) and (g)), the melt-track morphology changes signifi-
cantly with the powder layer thickness. The height difference
between the front and rear ends of the melt track with a nom-
inal thickness of 80 um is large (large S), that is, a continuous
melt track with a humping effect. Although the height differ-
ence between the front and rear ends of the melt track with a
nominal thickness of 140 pm is small, the melt separation and
local uplifts intensify the texture of the melt track (large Sg).
The characteristics of the simulated melt tracks are essentially
consistent with the experimental results (Fig. 6).

Asis evident from the longitudinal section of the melt pool,
the effect of different layer thicknesses on the dimensions and
shape of the molten pool is not significant at low power and
scan speeds (sample #27). With increased power and scan
speed (sample #14), the melt pool is greatly elongated, and the
dimensions of the melt pool decrease with the increased
powder layer thickness.
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simulation.

The stability of a fast-moving melt pool is closely related to
its dimensional characteristics. The larger the length:width
ratio of the molten pool, the more likely it is to cause
Rayleigh—Plateau instability, thus promoting melt separation
and spheroidization [40]. Fig. 9 shows the cross sections and
corresponding dimensional data of the melt tracks under
various conditions.

Herein, the fusion simulation case on a bare plate without
powder is complemented for reference. Regarding the molten
pool depth, differences are not apparent whether there are
powder or layer thickness changes. This indicates that the
penetration depth of the electron beam heat source is insen-
sitive to surface morphology.

Next, focusing on the molten pool width evolution,
compared with the bare plate, the presence of the powder
layer greatly reduces the molten pool width, indicating that
the powder layer limits the lateral heat transfer of the molten
pool. In combination with the depth, the molten pool volume
of melting on the powder bed is smaller than that on the bare
plate, suggesting that the powder layer reduces the fusion
efficiency and may avoid melt overheating under certain
processing conditions.

Comparing the results under the processing conditions of
samples #27 and #14, the molten pool width is more sensitive
to variations in the powder layer thickness under high power
and scan-speed conditions (sample #14). As the layer thick-
ness increases from 80 to 140 um, the width decreases more
for sample #14 and less than that for sample #27. Considering
the longer molten pool (Fig. 8), with increasing powder layer
thickness, the high power and scan-speed conditions are

more prone to trigger melt separation and form local pro-
trusions based on Rayleigh—Plateau instability. Therefore, to
obtain a more stable molten pool and corresponding excellent
forming quality, both power and scan speed should not be too
high under a certain linear energy density.

In summary, the difference in fusion behavior caused by
changes in the powder layer thickness is mainly manifested
under high power and scan-speed conditions. In the following
section, the mechanism of the above phenomena is discussed
by combining the thermophysical properties of the powder
bed and heat source—powder interaction behavior.

4, Discussion

4.1.  Analysis of heat transfer characteristics of the
powder bed

It is evident from the above experimental and simulation re-
sults that the existence of the powder layer and variations in
its thickness change the PBF-EB fusion efficiency and molten
pool geometry, which must be correlated with the heat
transfer characteristics of the powder bed. Unlike the laser
heat source, the electron beam penetrates the material almost
without reflection. Consequently, the heat transfer charac-
teristics during PBF-EB are determined primarily by the ther-
mophysical properties of the powder bed. In particular, the
effectively absorbed heat and the subsequent molten pool
forming behavior are influenced by the emissivity and ther-
mal conductivity of the powder bed [41].
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During the interaction between EB and powder bed, the
energy loss (power, W) through heat radiation is proportional
to the product of powder bed emissivity (epeq) and surface area
of EB irradiated region (A) and accordingly, affects the absor-
bed heat [42]. Consequently, the higher the epeq and the larger
the A, the less effective the heat absorption. A increases with
the increased powder layer thickness; and then how the
emissivity changes with layer thickness needs to be con-
cerned. Thermal conductivity refers to the ability of a material
to transfer or conduct heat. The powder bed with low thermal
conductivity hinders the heat conveyed to the surrounding
powder or substrate, restraining the molten pool progression.
According to the literature [21], emissivity (epeq) and thermal
conductivity (kpeq) of a powder bed depend on the powder
packing features. The epeq can be expressed as follows:
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where A is the fractional contact area of solid-solid contact; Xy is
the effective length for the radiation between the particles or the
diameter of the particles. epeq and xpeq are functions of the
fractional packing porosity (¢), the area fraction of the powder
coverage region on the projected plane (Fp), temperature-
dependent emissivity (es) and thermal conductivity («s) of the
solid material. The values of A, X;, ¢ and Fy, for different powder
layer thicknesses can be derived from the DEM-simulated
powder bed, as shown in Fig. 7. Temperature field data Ts
under different processing conditions were obtained from the
CtFD simulations. Fig. 10 shows the calculated epeq and kpeq of the
powder bed with different powder layer thicknesses under the

processing conditions of low power (sample #27) and high power
and scan speed (sample #14).

With increased powder layer thickness, the emissivity and
thermal conductivity show upward and downward trends,
respectively. It is worth noting that thermal conductivity is not
positively correlated with the increase in packing density with
layer thickness, as the increase in the specific surface area of the
powder layer hinders heat transfer between solid phases. The
thick powder layer exhibits less effective heat absorption during
the electron beam irradiation, and the heat conduction is
limited; thus, the melt progression (especially along the width
direction) is hindered. This explains why the powder layer and
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the increased layer thickness reduce the fusion efficiency
(molten pool volume) and molten pool width, as discussed in
Section 3.3. The reduced fusion efficiency, to some extent, re-
stricts the height difference between the front and rear ends of
the melt track caused by overheating (decreased S;), whereas
the reduction in the molten pool width enhances the
Rayleigh—Plateauinstability of the melt, resultingin local uplifts
and conspicuous texture (increased Sg).

4.2. Dependence of layer thickness-effect on processing
conditions

The above experimental and simulation results indicate that
the layer thickness has little effect on the heat and mass
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transfer behavior when the power and scan speed are low. By
contrast, higher power and scan speed strengthens the impact
of the layer thickness on the heat-source—powder interaction
process. Fig. 11 shows the evolution of the average tempera-
ture of the computational domain and molten pool volume
during the single-track fusion simulation process.

The average temperature difference (Fig. 11(a) and (b)) can
only be manifested under high power and scan-speed condi-
tions. Similarly, the molten pool volume (Fig. 11(c) and (d))
demonstrates the above evolution trend—that is, under the
conditions of high power and scan speed, the appearance of
the powder layer and the increase in its thickness reduce the
energy absorption. Consequently, the effect of the powder on
the processing conditions is worth clarifying.
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Fig. 11 — Under the processing conditions of (a) (c) low (sample #27) and (b) (d) high power and scan speed (sample #14), the
evolution results of (a) (b) average temperature and (c) (d) molten pool volume in the corresponding computational domain

during the single-track fusion simulation process.
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As described in the previous section, compared with the
bare plate, the existence of the powder layer causes the
emissivity and thermal conductivity to differ from those of the
solid material, varying with layer thickness. It is worth noting
that when the powder particles melt, the reduction in heat
absorption and transfer resistance caused by the porous
powder bed is inactive. As the complete melting of the powder
particles needs to take place over a certain time span, the
melted and incomplete melted powder coexist in the area
irradiated by the moving electron beam heat source. The
larger the proportion of incomplete melted powder in the
irradiation area, the greater the effect of the powder layer and
its thickness variation on energy absorption and heat transfer.

60.0

Fig. 12 shows the simulated visualization results of the rela-
tionship between the electron beam irradiation area on the
powder bed surface and the melt formed during the fusion
process.

Compared with the bare plate, the front end of the melt on
the powder bed lags the front edge of the heat source, the
lagging extent being greater with an increase in the layer
thickness. This is exactly the embodiment of the blocking
effect on the heat absorption and transfer caused by the
powder layer and its increased thickness. More importantly,
comparing the results under the two processing conditions, it
is evident that the lagging extent of the melt relative to the
heat source is more notable at high power and scan speed
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of (a) (b) (c) high (sample #14) and (d) (e) (f) low power and scan speed (sample #27). (g) The average proportion of incomplete
melted powder in the irradiation area with the different powder layer thicknesses.
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(sample #14) than at low power and scan speed (sample #27).
This phenomenon is caused primarily by the difference in
scan speed—that is, the faster the scan speed, the greater the
distance difference between the front edge of the heat source
and the front end of the melt obtained within the time span
from heating the powder to complete melting. Consequently,
at a relatively high scan speed, the proportion of incomplete
melted powder in the area irradiated by the heat source is
larger, and the influence of the powder layer on heat and mass
transfer is more substantial.

Fig. 12(g) shows the average proportion of incomplete
melted powder in the irradiation area with different powder
layer thicknesses. With an increase in the layer thickness, the
emissivity and thermal conductivity of the powder layer in-
crease and decrease, respectively, extending the time span
from powder heating to complete melting. Consequently, at a
certain scan speed, the distance difference between the heat
source and the melt increases—that is, the proportion of the
incomplete melted powder area increases. The proportion of
the incomplete melted powder area increases, especially at
high scan speeds, and the powder effect can be brought into
full play; that is, the above evolution trend is greater with
increasing layer thickness, thereby leading to substantial
changes in melt behavior.

The hindering effect on heat absorption and transfer
caused by the powder layer and its increased thickness de-
pends primarily on the beam scan speed. The influence of the
layer thickness variation on the melt behavior and the corre-
sponding fusion surface morphology is embodied mainly at
high scan speeds.

5. Conclusions

Four batches of cylindrical specimens with increasing layer
thicknesses from 80 to 140 um were prepared by PBF-EB within
the same range of processing parameters. Processing win-
dows for different powder layer thicknesses were derived. The
evolution trends of the upper surface roughness with layer
thickness were analyzed. Combined with thermophysical-
property analysis of the powder bed and numerical simula-
tion of fusion, the influence mechanism of the layer thickness
on the melt behavior and resultant surface quality was
revealed, and the dependence of the layer thickness-effect on
the processing conditions was clarified. The main conclusions
to be drawn were as follows:

1) Within the processing regime of the present study, a rela-
tively high powder layer thickness expands the processing
window. The mean values of S, (indicator for height fluc-
tuation/difference) and Sg (indicator for surface texture/
stripes) decrease and increase, respectively, with
increasing layer thickness. A high layer thickness helps
restrain the fluctuation and reduce the height difference
within the overall area of the sample upper surface sample.
Nevertheless, the increase in Sg, indicated that a high layer
thickness contributed to the formation of a rough surface
texture.

2) The emissivity and thermal conductivity exhibited upward
and downward trends with increased powder layer

thickness, respectively. The increased powder layer thick-
ness reduced the fusion efficiency (molten pool volume) and
molten pool width, restricting the height difference within
the overall sample surface caused by overheating (decreased
Sq); Whereas the reduction in the molten pool width enhanced
the Rayleigh—Plateau instability of the melt, resulting in local
uplifts and conspicuous texture (increased Sgy).

3) At a high scan speed, the proportion of incomplete melted
powder in the area irradiated by the electron beam heat
source increased. Consequently, the hindering effect on
heat absorption and transfer caused by the powder layer
and its increased thickness was fully manifested. That is,
the evolution trend of melt behavior and surface
morphology resulting from increased layer thickness is
remarkable at high scan speeds.
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