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ARTICLE INFO ABSTRACT

Keywords: Smoking is a unique phenomenon in the electron beam powder bed fusion (EB-PBF) process. The far-field effect
Electr‘on beam powder bed fusion and fast expansion features of smoking often cause the destruction of the powder bed, resulting in part failure or
Smoking even equipment damage, which seriously restricts the application and development of EB-PBF. However, the
Powder . « » . . .

L L generation and development of the “powder cloud” during the smoking process are yet open research questions.
Electronic signal monitoring . . . . - :
Simulation This study proposed and established optical & electronic monitoring systems to observe the process of smoking

and collect electronic signals to reveal the mechanism behind smoking. Simulation at a small scale where the
powder motion of each powder at the affected zone in the powder bed is described by the discrete element
method was conducted to simulate the effect of the inertial force and electrostatic force. Observations demon-
strated that the smoking process consists of multiple stages. The powder bed showed different motion charac-
teristics and generated different electronic signal patterns at different stages. Numerical simulations revealed
that the electrostatic force is the main driving force and confirmed the promoting effect of charged particles
striking the powder bed on smoking expansion. The current study provided interpretations of the mechanism as
well as a potential solution for real-time monitoring and smoking prevention.

1. Introduction

Electron Beam Powder Bed Fusion (EB-PBF) technology forms three-
dimensional entities layer by layer using an electron beam to melt and
solidify metal powders in a specified area for each layer [1-3].
Compared to the laser powder bed fusion process, the EB-PBF process
can offer a high preheating temperature due to the high energy effi-
ciency of electron beam, which provides advantages for intermetallic,
non-weldable superalloys and refractory metals [4]. However, the
transient interaction between the electron beam and long can cause a
violent powder movement, known as “smoking” [5,6]. Smoking is a
unique phenomenon during the EB-PBF process, which occurs in the
interaction area between the electron beam and the powders and then
rapidly expands outward on an explosive type. During smoking, pow-
ders on the building platform are lifted and scattered into the vacuum
chamber, destroying the powder bed, and the EB-PBF process is termi-
nated irreversibly. The presence of smoking may cause fabrication
failure or even equipment damage, which seriously restricts the appli-
cation and development of EB-PBF.

Smoking is conventionally prevented by obtaining the non-smoking

process parameter window through numerous trial and error experi-
ments [7,8]. Besides, preheating is one of the most effective methods to
prevent smoking, which is aimed at slightly sintering powder particles
together to improve the mechanical strength of the powder bed [9-11].
With the help of preheating, many materials can be prepared by EB-PBF
now. However, the introduction of the preheating process into EB-PBF
does not inhibit smoking completely. The search for a solution to pre-
vent smoking is continuing. Wayland Ltd. adopted a “neutral beam”
technology to reduce the charge input into powders with the same beam
current, in order to reduce the probability of smoking [12]. Joel Ltd.
proposed to use the “e-shield” device to suppress smoking [13]. The two
above specific technologies claimed to solve the smoking issue without
providing detailed explanations of the operating principles. In addition,
Arcam AB. used an X-ray sensor installed on the side wall of the electron
gun to monitor for splashed powder inside the electron gun. This method
was expected to prevent the electron gun from damage, but the sensor
did not respond until the powders completely expanded [14].

It is difficult to observe the smoking process because it develops
rapidly. With optical observation experiments, existing research can
capture images of the smoking phenomenon, indicating smoking occurs
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Fig. 1. High-speed photographic image system: (a) schematic illustration; (b) exhibition of equipment.

in the form of an explosion [15,16]. The mentioned references suggested
that the start of smoking originates from powder charging. However, the
main driving force of smoking is controversial until now, especially
considering unique characteristics like the “far-field effect”. Different
explanations for the smoking mechanism were given. Qi et al. [17]
suggested the impact force (F,) from electron momentum is the main
cause of smoking. Considering the far-field effect of smoking, Kahnert
et al. [18] indicated that smoking results from Lorentz force (F) from
the magnetic field created by the electron beam. Sigl and Milberg [15,
19] suggested three main driving forces: recoil force (Fy) caused by
evaporation of residual water on powder surface, impact force, and
electrostatic repulsive force (F;) caused by powder charge accumula-
tion. Zhou et al. [20] eliminated the possibility of F, and F, as the main
driving forces through controlled trials. Eschey et al. [16] proposed the
equivalent circuit model of the whole powder bed and listed the calcu-
lation formulas of F,, F;, F,. Cordero et al. [21] proposed a circuit model
to calculate the charge dissipation of powders in a single row, con-
firming that F; is of sufficient magnitude to cause smoking. Chiba et al.
[22,23] measured the direct current (DC) resistivity and alternating
current (AC) impedance of the powder bed, obtaining a reliable value for
the equivalent circuit.

However, there is still not a comprehensive explanation for the
smoking start and development mechanism, especially the mechanism
for the far-field effect and rapid expansion, which contributes greatly to
the rapid destruction of the powder bed [24]. So far, reports of obser-
vations on the process of smoking were limited in the literature. In
addition, existing research models only approximately calculate the
magnitude of forces acting on static powders [21,25,26]. Simulations
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taking into account the particle movement and the arrangement of
powders on the powder bed were deficient.

The objective of this work is to observe powder movement during the
process of smoking and investigate the mechanisms of the different
smoking stages. In this work, a self-built Electron & Optical Observation
system is used to realize multi-scale observation through optical high-
speed photography and electronic signal detection. Based on this sys-
tem, a real-time monitoring method for smoking is proposed. Moreover,
a discrete element model (DEM) involving charge dissipation is devel-
oped to help investigate the characteristic phenomena during smoking.

2. Apparatus set-up and experimental campaign
2.1. Optical observation system and electronic detection system

To achieve direct observation and responsive detection of the
smoking phenomenon during the EB-PBF process, a high-speed imaging
system and an electronic signal detecting and processing system have
been established respectively in the framework of this research project.
The two systems serve as auxiliary modules of the EB-PBF machine
QbeamLab 200 from QuickBeam Tech. Co, Ltd.(Tianjin, China).

The high-speed imaging system depicted in Fig. 1 includes a high-
speed camera, a pulsed laser light source, a fixed focus lens, and a
band-pass filter. The camera used was a NAC MEMRECAM HX-6 with a
maximum frame rate of 210k Frames/s. The pulsed laser light source
was CAVILUX HF with a central wavelength of 808 nm and maximum
output power of 500 W. The laser light source was triggered synchro-
nously with the high-speed camera through the CAVILUX control unit to
ensure sufficient illumination intensity during high-speed imaging. The

(b)

Fig. 2. Electronic signal detection system: (a) schematic illustration; (b) exhibition of the equipment.
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Fig. 3. Micromorphology of gas-atomized Ti6Al4V powder.

high-speed camera was placed in front of the observation window at an
angle of 50° from the vertical. The distance between the observation
window and the center of the building platform was about 300 mm. A
fixed focus lens with a focal length of 200 mm (Nikon ED AF MICRO
NIKKOR 200 mm 1:4D) was selected to obtain a good field of view and
clear powder shape. To prevent (1) the influence of other visible light
sources, (2) electron gun cathode glow, and (3) visible light caused by
electron beam powder interaction, a band-pass filter with a central
wavelength of 808 nm and a bandwidth of 10 nm was installed in front
of the lens.

The electronic detection system is depicted in Fig. 2. The system
consisted of two detection plates, an I/V converting amplifier, and an
accurate A/D acquisition card based on the design proposed in [27].
Two metal detection plates made of H62 copper alloy were arranged at
the top and bottom of the vacuum chamber respectively, and the
detection surfaces were parallel to the X-Y plane of the forming coor-
dinate system. The vertical height of the lower detection plate from the
building platform was about 20 mm which was very close to the powder
bed. The aforementioned detectors’ arrangement was picked mainly to
capture electrons or charged powder from different directions. The
upper detection plate can capture radiated electrons generated by the
action of electron beam material and charged powder particles splashed
during smoking. The lower detection plate mainly receives the charged
powder during smoking.

Current signals from detection plates were led out from the vacuum
chamber through the coaxial signal line, connected to the I/V converting
amplifier. These weak current signals were converted into a voltage
signal of — 5-5V by an amplifier and gathered by an A/D acquisition
card. Considering the complexity of the electromagnetic environment of
the vacuum chamber, the I/V converting amplifying circuit was
designed to be a precision operational amplifier circuit with low noise.
As shown in Fig. 2(a) in the circuit diagram, the gain of the amplifier is
100 KV/A, and the maximum output voltage is 5 V. Therefore, the
measuring range of the detection system is 50 pA.

A PCI8514B A/D acquisition card from ART Ltd. was utilized, the
sampling frequency of the electronic detection system was set to 1 MHz
to quickly record the electronic signal in the smoking process, and the
signal acquisition was triggered by the rising edge signal of QbeamLab
control software.

2.2. Method to trigger smoking via EB-PBF system

With the design and installation of the observation equipment, the
method to trigger smoking via the EB-PBF system was conducted to
characterize the powder behavior. To characterize powder behavior,
smoking was triggered on the QbeamLab 200 EB-PBF machine. Ti6Al4V
was used as the powder material because it is a common EB-PBF ma-
terial and is prone to smoking. Observation under a scanning electron
microscope is shown in Fig. 3. The particle size distribution was
45-105 um with an average diameter of 75 um. The feeding density is
2.58 g/cm®, and the Hall flow rate is 23s/50g. The chemical
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Table 1
Alloying composition of gas-atomized Ti6Al4V determined via ICP.
Element Ti Al \% C Fe ) N
at% residue 4.01 6.28 0.018 0.029 0.06 0.01
Table 2
Parameters in the electron beam scanning experiments.
ExperimentParameters Fixed-point Single-line Multi-line
irradiation repeated scanning scanning
Layer thickness (mm) 0.5 0.5 0.5
Irradiation duration (s) 0.5 / /
Beam current (mA) 2 2 2
Accelerating voltage 60 60 60
(kV)
Scanning speed (m/s) / 4 4
Scanline length (mm) / 60 60
Line offset (mm) / / 5
Chamber pressure (Pa) 0.15 0.15 0.15
60mm
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Fig. 4. Illustration of the multi-tracks scanning strategy.

composition is shown in Table 1.

The optical observation experiment of smoking includes fixed-
position irradiation and single-line repeated scanning. To ensure that
the smoking phenomenon can be triggered, the preheating process is
intentionally omitted. This experimental design differs slightly from the
actual production, but can better demonstrate the characteristic
behavior of the powder bed under the action of the electron beam. The
experimental parameters of fixed-position irradiation are shown in
Table 2. First, Ti6Al4V powders with a thickness of 0.5 mm were spread
on the substrate and then irradiated with a 1 mA current beam. The
powder bed was irradiated at a fixed point by a focused electron beam
with a beam current of 2 mA for 0.5 s to trigger the smoking phenom-
enon and recorded by the high-speed camera. The electron detection
experiment of smoking includes fixed-position irradiation and multi-line
scanning. The electron detection experiment at a fixed point was carried
out simultaneously with the optical observation experiment, i.e., as
shown in Table 2. In the multi-line scanning experiment, a 2 mA focused
electron beam was used to scan the powder bed at the speed of 4 m/s.
Raster scanning mode was utilized, and the scanning pattern is shown in
Fig. 4. Solid arrow indicates the scanning line, while the dashed arrow
indicates the skip track between each scanning line. In the experiment,
the electronic detection system continuously collects electronic signals
from the detection plates.
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Fig. 5. High-speed photographic image of smoking development process under the condition of fixed-position irradiation (Movie 1, in Supporting information).

3. Results of optical observation and signal measurement
3.1. High-speed photographic image

3.1.1. Irradiation at a fixed position

Fig. 5 and Movie 1 (in Supporting information) show the smoking
process when the powder bed was irradiated by an electron beam with a
current of 2 mA at a fixed position, captured by the high-speed camera.
A large dark spot above the irradiated position has been seen which was
called the “powder cloud” by Kahnert et al. [18]. The powder cloud
hindered the diffuse reflection from the illumination light source on the
powder bed below them. Similarly, the small powder disturbance on the
powder bed weakened the diffuse reflection effect and appeared as dark
spots. With the help of this special brightness and darkness feature, some
characteristics of powder movement during smoking can be recognized
and tracked macroscopically, according to which smoking can be
divided into different stages.

The first 5 ms was the “nurture stage” of the smoking phenomenon.
During this period, under electron beam irradiation, the powders
remained in the powder bed. At 4 ms, there was an obvious bright spot
due to high-temperature radiation, which means powders in the irra-
diated area might be sintered. The electron beam charged the powder
bed resulting F; increased gradually as micro-sintering occurred be-
tween powders. The micro-sintering hindered the free motion of pow-
ders, increasing the overall stiffness of the powder bed. There was a
competitive relationship between the rising F, and rising stiffness of the
powder bed, which determined whether the smoking continues.

Following the “nature stage” is the “start stage” of the smoking
process. During this period, charged powders began to leave the powder
bed and substrate. There was a powder cloud generated above the
irradiated area and vanished repeatedly. At 5ms, a local dark spot
appeared on the left side of the concerned area, indicating that the
powder bed became loose, and a small amount of powder left the
powder bed and formed a small powder cloud above it. During 6-8 ms,
the dark spot expanded continuously, indicating that the powder cloud
continuously expanded outward with the irradiated position as the
center.

The following stage up to 14 ms is the “grow stage” of smoking.
During this period, the "powder cloud" continued to expand, meanwhile,
an increasing number of powder clouds appeared around the concerned
area. Compared to the powder cloud that occurred during the “start
stage”, the newly generated “powder clouds” are much smaller, looking
like dense “craters”. With the emergence of craters, the range and
severity of smoking increased sharply, similar to the “chain reaction”
mode, and the smoking process became irreversible. At 9 ms, many
discrete small powder clouds were observed on the periphery of the
central powder cloud. In this process, the moving powders transferred
momentum to the static powders through collision and transferred
charge through short contact. After the strike, the static powders ob-
tained initial velocities, caused by momentum transfer, and accelera-
tions, caused by forces from charge accumulation. At one of the impact
areas, part of the impacted powders rose above their initial position and
formed a powder cloud, also called “local powder cloud” according to its
location; The other part splashed towards their peripheral area and
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Powder cloud vanished
(fall)

Fig. 6. High-speed photographic image of the smoking development process under the condition of single-line repeated scanning. Points A&B in (a) were endpoints
of the scanline; (j)(k) are the enlarged views of (b)(c); the green curve in (j)(k) is the local powder cloud, and the green arrows indicate the moving directions. (Movie

2, in Supporting information).

caused more secondary impacts. After this process, there was a loss of
powders in every impacted area and the substrate was exposed. These
areas are called “craters”. Fig. 8(f)-(i) are the schematic illustrations of
the crater generating and expanding process, Fig. 8(j) shows the moving
track of splashed powder from the central area (powder A) and struck
powder from a crater (powder B). As described, splashed powders from
one crater might lead to one or even more secondary craters. The
number of craters increases with the speed of the “chain reaction”. At the
same time, the central powder cloud continued to expand outward and
gradually “devoured” small local powder clouds, as shown in Fig. 8(d),
expanding the range of smoking rapidly. The formation of craters may
be the main mechanism of the rapid expansion of smoking.

After 14 ms was the “explosion stage”. During this period, smoking
was fully developed, as shown in Fig. 8(e). Some of the powders flew
smoothly and disorderly and impacted the substrate repeatedly, while
others finally fell under the action of gravity.

3.1.2. Single-line repeated scanning

During production, the electron beam moves along the scanning lines
and melts the powder bed. In the previous section, we obtained high-
speed photographic images of powder behavior under fixed-point irra-
diation. To investigate the specific smoking process during production,
images of powder behavior during single-line repeated scanning were
obtained by the same optical observation system.

Fig. 6 and Movie 2 (in Supporting information) show the smoking
process during single-line repeated scanning with a 2 mA electron beam
moving at 4 m/s. Each back-forth scanning track of the electron beam is

defined as one cycle (as shown in Fig. 6(a) with points A and B repre-
senting the start and end of a scanline). As scanning started, powders
near the irradiation point moved. The horizontal movement was much
larger than the vertical component, which means powders were rear-
ranged only on the surface of the powder bed while no powder cloud
formed. After about 42 ms, when the beam spot reached point B in the
second cycle, a local powder cloud formed at point B but immediately
vanished as the beam spot moved away. When the beam spot reached
points A and B at 60 ms and 74 ms, two larger powder clouds formed.
After that, two powder clouds continuously expanded and then com-
bined into a “central powder cloud” with a larger size. The “central
powder cloud” expanded with a higher speed and the whole powder bed
was raised finally.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2023.103434.

It took about 100 ms from the start of scanning for the smoking
process to finish. The single-line repeated scanning smoking process
lasted about 8 times as long as the fixed-point irradiation experiment.
This was because as the beam spot moves, the average irradiation time
of each powder is much less than the total experiment duration, which
means the average charging rate is lower than that in the fixed-point
irradiation experiment.

It was noted that there was a small local powder cloud appearing for
a short time and then quickly vanishing before the explosion. When the
irradiated area was about to enter the “explosion” stage and produced a
local powder cloud with continuous charge accumulation, the beam
quickly moved away and there was not enough charge input to maintain
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Fig. 7. Signals of fixed-position irradiation, (a)upper detector, (b)lower detector.

the development of the powder cloud. When the beam irradiated the
area again where the powder cloud was once generated, the charge
accumulated again quickly until it was enough to maintain the devel-
opment of smoking. Then the vanishing local powder cloud was “acti-
vated” and continued to expand.

In each half cycle, each powder was irradiated for the same duration
of time and was irradiated twice in a whole cycle. However, the interval
time between irradiations is different for the powders at different posi-
tions, which results in the spatial inhomogeneity of powder charge-
discharge characteristics in a cycle. The interval time of powders at
line endpoints was the shortest. And we found that the local powder
clouds tended to appear at the end of the scanline. This finding agreed
with the charge-discharge theory proposed by Cordero et al. [21].

The results revealed that smoking is a sequential rather than tran-
sient process, which requires continuous and sufficient charge input to
maintain. The repeated charge-discharge process resulted in a repeated
generation-vanishing process of the local powder cloud and a delay time
between the local powder cloud generation and final smoking, which
can be controlled by modifying the process parameters. It can be infer-
red that under the same beam power smoking can be inhibited or
avoided by adjusting the scanning parameters including scanning speed,
beam size, and scan path. On the other hand, if the local powder cloud
can be identified as a powder abnormal state, the interval time between
local powder cloud generation and smoking occurrence makes real-time
smoking monitoring and identification feasible.

3.2. Electronic signals Analyses

3.2.1. Electronic signal of irradiation at a fixed point

In the experiment of irradiation at a fixed position, the upper and
lower detectors simultaneously recorded the electronic signals during
smoking. Electronic signal characteristics mainly included base value,
pulse disturbance, noise signal, etc. The noise signal mainly came from
the inherent noise of the beam power supply; The base value represented
the number of electrons reaching the detectors in unit time. The signal
acquisition was triggered when capturing a rising-edge signal from the
control software of the EB-PBF device. The delay might be attributed to
the accumulated effects of signal filtering, response of acquisition soft-
ware, in particular, the device response. It indicated the start of irradi-
ation when obvious signal increasing was detected.

Fig. 7(a) shows the electronic signal from the upper detector. At
0.1 s, the electron beam began irradiating, and the backscattered elec-
trons and secondary electrons were generated and moved to the vacuum
chamber, partly captured by detectors. The base value of the electronic
signal rose at that time, but then quickly both two detectors appeared to
pulse disturbances. The upper detector responded faster, but the overall
peak value is small. At 0.15 s, many pulses with low peak values of 5-20
pA appeared, and the base value rose slightly; At 0.25 s, pulses with
large peak values of 50-120 pA appeared, and the base value rose
rapidly. After 0.25 s, the pulse peak values decreased along with a sharp

attenuation of the base value. At 0.6 s, the beam was turned off and the
signal appeared stable. As shown in Fig. 7(b) is the signal from the lower
detector. At 0.1 s, there are many pulses with a low peak value of 5-30
pA. During 0.1-0.2 s, the pulse peak values the base value decreased
slowly; During 0.2-0.42's, the pulse peak values the base value rose
slowly; During 0.42-0.53s, the pulses with large peak values of
150-600 pA appeared, along with the increase of base value. After
0.53 s, the signal decays rapidly. The beam is turned off after 0.6 s, and
the signal becomes stable.

The occurrence time and peak values of pulse reflected the powder
movement and electrical characteristics during smoking at the macro-
scale. According to optical observation results, smoking lasted about
only 20 ms from the nurture to the explosion stage. Meanwhile, the
disturbances of electronic signals from each detector lasted 500 ms, the
biggest signal change appeared 100 ms and 300 ms later than the irra-
diation start respectively on the upper and lower detectors. These pulse
disturbances resulted from spattered powders intermittently striking the
detectors. As Fig. 7 shows, the pulse disturbances on the lower detector
appeared 200 ms later than the upper detector. As smoking developed,
some spattered powders with large amounts of charge rose and fell,
finally struck the lower detector under the action of gravity. As result,
pulses with high peak value appeared on the signal of lower detector, as
shown in Fig. 7(b).

Another thing worth noting was that the signal base value from the
lower detector first decreased and then increased before obvious pulse
disturbances appeared. The change in base value resulted from the in-
fluence of powder behaviors on electron spatial distribution in the
vacuum chamber. The interaction between the electron and powder
cloud influenced the trajectory of electrons. The continuous impacts
between powder and electron could change the electron moving direc-
tion. As a result, the electron beam was scattered after passing through
the powder cloud, as shown in Fig. 8(b)-(e). On the other hand, the
impacts could also result in secondary electrons or backscattered elec-
trons emission from the irradiated area. The “mixed” electrons consisted
of secondary electrons and backscattered electrons emitted to the vac-
uum chamber and were partly captured by detectors, as shown in Fig. 8
(a) (e). After entering the explosion stage, the electron beam scattered
after electrons impacting with powders on their tracks. Fewer secondary
and backscattered electrons could reach the lower detector, resulting in
a decrease in the signal base value, as has been revealed in the work of
Yim et al. that the penetration depth of the electron beam on the powder
bed is limited [28]. After 0.25 s, when most of powders began to fall due
to gravity, the size of the powder cloud gradually decreased, resulting in
the attenuation of electron beam scattering and an increase of signal
base value. Meanwhile, the base value of the upper detector rose
continuously after smoking happened. This was because as powder
constantly splashed into the vacuum chamber, the position of mixed
electrons emission point became higher. The response of the electronic
signal to the presence of a powder cloud appears to be faster than the
powder-detector striking. It could be possible to predict or even prevent
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smoking by monitoring the signal of powder cloud as a warning signal. the smoking mechanism.

The total charge received by the detector in the pulse time can be In general, the electronic monitoring system can characterize the
obtained by integrating a single pulse in the time domain. Fig. 9 shows spatial distribution of powders in the vacuum chamber at the macro-
the enlarged view of the signal curve, selecting six typical pulses and scale. The corresponding typical signal characteristics responded to the
calculating the charge amount respectively. It can be found that the powder motion state in different stages of smoking. Theoretically, by
charge received by the detector in a single pulse time was 1078 —10~7 C, identifying these signal characteristics, we can judge whether smoking
indicating the charge of the corresponding powders. These data also occurs and at which stage, and then take measures to stop the further

provided an important reference for the subsequent simulation study of development of smoking. However, in the case of fixed-position
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Fig. 10. Characteristic signal of smoking during EB-PBF process (b)is an enlarged view of the red box area in (a).

irradiation, smoking occurs very quickly (only last 10 ms), which is
difficult for the system to recognize and respond to real-time signals.
Nevertheless, the electronic signal characteristics establish a good

mapping relationship with the smoking process obtained by optical
observation.

3.2.2. Signal of multi-line scanning

Since the upper detector responded faster, it was used to monitor the
smoking process in the case of multi-line scanning, as shown in Fig. 10.

(a)

Ideal signal

Real signal

Detector Current (1A)
H

Smoking start phase

0 10 20 30 40 50 60
X(mm)

In this process, smoking occurred and the electronic signal was captured.
As shown in Fig. 10(a), the electron beam began irradiating and the
signal stepped up at 0.3 s, attenuated during 0.4-0.5 s, then increased
during 0.5-0.6 s. Finally, large peak pulse disturbances appeared during
0.6-1s

According to analysis in 3.2.1, the pulse disturbances and base value
of signals indicated the powder movement behavior. Signal changes in
different periods show a corresponding relationship with powder be-
haviors during different stages, as shown in Fig. 8. The signal

(b)
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Fig. 11. Recognition method of smoking based on signal attenuation characteristics, (a) comparison between real-time signal and a reference signal, (b) difference

value between real-time signal and a reference signal.
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attenuation during 0.4-0.5s demonstrated that a powder cloud
appeared and hindered the movement of backscattered electrons and
secondary electrons towards the upper detector. At that time, smoking
entered the “start-grow stage” before the “explosion stage”, during
which local powder clouds appeared above some irradiated areas.
Fig. 10(b) shows the waveform of the electronic signal before and after
the signal attenuation, in which the signal in the red box is the normal
signal before smoking. The signal was presented as a periodic sawtooth
wave, and each cycle corresponds to a single scanning line. This was
because when the electron beam scanned every single line, the collected
electron current decreased as the irradiating position moved away from
the detector along the X direction. After 0.36 s, obvious signal attenu-
ation appeared at the end of each scanning line, indicating that the
smoking tended to “start” and “grow” at the end of the scan line.

During 0.5-0.6 s, smoking entered the “explosion stage”, the central
powder bed appeared and expanded outward and upward. Part of the
electrons impacted dispersed powders in the powder cloud and formed
backscattered and secondary electrons at this place instead of the
powder bed. Thus, more backscattered and secondary electrons reached
the detector than “start stage” or “grow stage”, increasing the signal.
Meanwhile, with the constant increase of F;, some powders left the
powder bed and moved rapidly outward, finally impacted on the de-
tector after about 0.1 s. This caused the pulses with high peak values in
the signal during 0.6-1 s. The peak values are roughly the same as that
in the experiment of fixed-position irradiation, indicating that the limit
of charge accumulation causing smoking is the same in multiple scan-
ning and fixed-position irradiation.

As Fig. 10 shows, it took about 120 ms from the abnormal signal
attenuation to the “explosion stage”, which provides sufficient time for
smoking identification and system response. By identifying the attenu-
ation characteristics, smoking can be identified in its early stage, and
interrupted by turning off the electron beam in time. As shown in
Fig. 11, when the deviation was higher than a certain threshold, it is
considered that smoking has started. Fig. 11(a) is the partial enlarged
view of the single-cycle curve within the blue frame in Fig. 10(b). The
abscissa was converted from time to position coordinate, in order to
indicate the real-time distribution of the powder cloud. The red line is
the ideal signal, which was fitted out by the signal before smoking.
Fig. 11(a) shows the recognition process of the single scan line signal in
the blue frame in Fig. 10(b). The red line segment in the figure is the
reference signal obtained according to the single scan line signal in the
blue frame in the figure. The real-time signal was different from the
reference signal. To recognize smoking more intuitively, D-value be-
tween the real signal and ideal signal is shown in Fig. 11(b). If D-value
exceeds the set threshold, the powder cloud is judged to generate, which
indicates that there is a great possibility of smoking.

When the signal deviation exceeds the given threshold for the first
time, it indicates that smoking enters the “grow stage” at the end of the
corresponding scanning line. Turning off the electron beam at this time
can prevent the powder cloud fully from developing, interrupting
smoking before the “explosion stage”. By restarting the EB-PBF process
at this layer, smoking can be avoided.

Despite that this method based on signal attenuation characteristics
recognition requires high data processing speed and needs to establish
the reference signal database related to the scanning position in
advance. Electronic detection technology provides an effective method
for the monitoring and suppression of smoking.

4. Modeling of the smoking phenomenon

Existing studies propose electrostatic force as the main driving force
of smoking based on calculations and comparisons of different forces.
This explanation reveals the mechanism of powder explosive movement
at the early stage of smoking because it considers the accumulation of
repelling forces in the static powder bed. However, it may not adapt well
to the subsequent stages as powders move to a large distance meanwhile

Additive Manufacturing 66 (2023) 103434

Gy j

Lij _| I_
Node i —-:J Node j

Fig. 12. Resistance-capacitance parallel branch.

the electrostatic force declines. We proposed a numerical model to
specifically simulate the characteristic motion behavior of powders that
are affected by the electrostatic and inertial forces.

4.1. Model description

4.1.1. Charge dissipation in powder bed

A charge accumulation model was created to depict the charge
dissipation process of the powder bed. The model was used to calculate
the charge distribution of the powder bed and provide necessary pa-
rameters for the subsequent force analysis based on the amount of
powder charge. A stationary electron beam with current density obeying
Gaussian distribution was used. Considering that some powders overlap
in the Z direction on a multilayer powder bed, the current in the electron
beam spot was discretized. Then the propagation path of each current
was tracked to find the first powder that can be reached, the current was
considered to be injected into this powder.

After receiving the current input of the electron beam, electron
charge dissipated among the powders and accumulated in them
continuously. The charge dissipation in the powder bed is a very com-
plex process, related to both the electrical characteristics and the spatial
state of the whole powder bed. In order to realize the simulation of the
charge dissipation process in the powder bed, some simplifications were
needed. When discussing the charge dissipation process between pow-
der and substrate, Cordero et al. [21] simplified the electrical connection
between powder and substrate as a resistance-capacitance parallel cir-
cuit. We applied this model and extended the equivalent circuit method
to the powder bed in three-dimensional (3D). The whole powder bed can
be transformed into a complex 3D resistance capacitance parallel
network. To simplify the model and ensure affordable computational
cost, the following assumptions were made:

(1) The electrical connections between powder-powder and powder-
substrate were regarded to be the same. The circuit elements on
each branch had the same parameters; The current from the
upper powder was equally distributed to the lower powders.

(2) The powder consists of a metal core and an oxide film [29-32].
The connection between every two powders is treated as a par-
allel branch consisting of a capacitor and an ohmic resistor, as
shown in Fig. 13.

(3) The shortest electron transfer path assumption was applied: the
input electrons tended to transfer along the shortest path for
minimum dissipation, and reach the substrate through no more
than three powders.

(4) As powders moved, the stacking state of the powder bed changed,
meaning the connection states between powders are different at
different times. Therefore, the paths of charge transfer need to be
redefined at each time step.

According to Assumption(2), the dissipation rate of charge from one
powder to another needed to be calculated. We simulated the charge and
discharge process of the capacitor under the condition of constant cur-
rent input, and finally obtained the charge amount of each powder [33],
as shown in Fig. 12. For the branch between powders i and j, the circuit
equation is:
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Fig. 13. Force analysis of powders in the smoking process.
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where Q;; is the charge amount of the capacitor on the branch between
powder i and j, representing the amount of charge accumulated because
of the poor contact during the current transfer from powder i to j; 7 =
R;;jC;ij is the charge dissipation time constant, depending on the
connection status between two powders[34,35].

By solving Eq. (1), we can obtain:

0ij(t) = L+ (Qi5(0) — Lijr)e @
where Q;;(0) is the initial amount of charge on the branch i,j.

4.1.2. Powder dynamics

In addition to the gravity and contact forces, the charged powder is
also under the action of the electron beam impact force, the magnetic
field force, the electric field force, and the electrostatic force, as shown
in Fig. 13. The resultant force on the powder can be expressed as [26]:

_— = = = = —  —
Fraral:G+Fcantacr+Fe+Fk +Fm+Fq (3)

The Hertz-Mindlin contact force model employed the contact forces
[36-38], including tangential force m and normal force TJ:, as shown

in Fig. 14. The electron beam impact force, electric field force, magnetic
field force, and electrostatic force are all involved in the model.

The electron beam impact force (IT;) was caused by the momentum
transfer between the moving electron and the impacted powder, which
can be expressed as

I
Fo=-mv, ()]
e

Where F, is the impact force of an electron beam on powders; e is the
charge amount of a single electron; m, is the mass of a single electron; v,
is the electron velocity, which can be deduced from general relativity.
The expression is as follows

(a)
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1
Vv, =c¢ l—m (5)

mec?

Where c is the light speed under vacuum and U is the acceleration
voltage of the electron beam. The electric field force can be expressed as

F =qE (6)

where q is the charged amount of a powder and the direction of the
electric field intensity vector E is radial inward. Centered on the axis of

the electron beam, the modulus of E in3-D cylindrical coordinates can
be expressed as follows
L s

E= _2ﬂ80vre v -1 @

where I, is the beam current, ¢ is vacuum permittivity, ry is the radius of
the beam spot, r is the distance from the space point to the axis, v is the
electron velocity. The Lorentz force of moving charged powder can be
expressed as

F=¢vxB 6)

where V' is the velocity vector of powder movement and q is the charge

—=. L. .
amount of the powder. B is the magnetic induction vector, the modulus
can be expressed as

1 —In2r?
B(r) =200 —exp(—

) 9

where y, is the permeability of the vacuum, Iy is the beam current, ry is
the radius of the beam spot, r is the distance from a space point to the
axis. The electrostatic force is obtained by solving the system electro-
static energy equation as follows

1
We =3 ;qwk (10)

where W, is the electrostatic energy of the multi-conductor system, gy is
the charge of powder k, ¢, is the potential of powder k. For powder i
with charged quantity g, of which the ball center is located at (x,y), the
electrostatic force can be obtained by the virtual work principle[21,39].
Physical constants involved in equations were listed in Table 3.

Table 3

Physical constants involved in equations.
Physical constants Sign Value Unit
Mass of a single electron m, 9.10956 x 1031 kg
Charge amount of a single electron e 1.6021892 x 10~1° C
Light speed c 2.99792458 x 108 m/s
Vacuum permittivity € 8.854187817 x 1072 F/m
Permeability of vacuum Ho 4z x 1077 N/A?

Velocity (m/s)
5.000e+00
3.750e+00
2.500e+00
1.250e+00
0.000e+00

Fig. 14. Situations of powder bed at 500ys, (a) neglecting only the electrostatic force, (b) considering electrostatic force.
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Table 4

Parameters used in the simulation.
Parameter Value Unit Reference
Accelerate voltage 60 1% /
Beam spot diameter 200 pm /
Beam current 2 mA /
Charge dissipation constant ¢ 2.86 x 10°° s /
Electron absorptivity n 0.5 / [41]
Solid density 4.51 g/cm® /
Poisson ratio 0.34 / /
Young’s modulus 110 GPa /
Friction coefficient 0.62 / [42-45]
Size distribution 45 ~ 105 pm /

4.2. Simulation implementation

A powder dynamic model was implemented in this study based on
the discrete element method taking into account contact stress, friction,
gravity, and kinetic equations. In this model, powder particles were
regarded as incompressible, inviscid, homogenous, and isotropic,
applicable to the Hertz-Mindlin model [40].

The simulation zone was a circular area with a diameter of 2mm. The
free-falling model was used to generate a random powder stacking state
and finally the initial powder layer of 1000 powder particles[40]. The
particle size distribution was 45 ~ 105um, obeying the Gaussian distri-
bution of ¢ = 15um. And the average size is 75pm. The parameters used
in the simulation were summarized in Table 4. It should be noted that
there is no available data for Ti6Al4V in literature, thus the charge
dissipation constant 7 measured in the work of Chiba et al. about In718
was used as an approximate [23]. The physical time was about 500ps.
Considering that the electron beam was scattered after it passed through
the powder cloud, fewer electrons could reach the simulated zone as
smoking developed. Therefore, we use an “equivalent average electron
absorptivity” of 0.5. which is less than 0.8 in reference 42. Due to the
fact that the performed experiment intentionally omitted the preheating
process, the effect of temperature on charge dissipation constant and
micro-sintering was neglected in the simulation. Such an arrangement
simplifies the simulation complexity without affecting the interpretation
of electrostatic and inertial forces in powder motion when smoking is
triggered.

Two numerical simulation cases were designed in this section. First
was the smoking phenomenon with or without the effect of electrostatic
force. The charge dissipation process and powder movement were dis-
cussed in this example. Second was the movement of initial static
powders after being struck by splashed powders. The splashed powders
were set to be charged or uncharged to discuss the mechanism of craters.

5. Discussions on the characteristic mechanisms of smoking

In the above-mentioned analysis, the generation and expansion of
the “powder cloud” can be identified by electronic signals, as powder
behaviors at a macroscopic scale. However, the specific movement of
powders needs to be investigated to reveal the mechanism, which
cannot be obtained by macro observation methods.

With the established simulation framework, two groups of compar-
ative cases were obtained: a powder charging model was obtained to
verify the accuracy of modeling; a powder impact model was obtained to
reveal the mechanism of crater generation and expansion.

5.1. Charging in the start stage of smoking

According to Egs.(4)-(10), the comparative calculation cases
considering different forces were designed, and the results were shown
in Fig. 14. Fig. 14(b) shows results that consider all forces, while Fig. 14
(a) shows results neglecting F,. The results proved that F; was the main
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Fig. 15. diagram of powder velocity during smoking under the condition of
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Fig. 16. Charge dissipation curve of target powders.

driving force of smoking.

By calculating different forces of powders at each time step, the
maximum value of each force can be obtained: The average gravity of
the powder was 10~8N, the maximum electrostatic force was 107N, the
magnitude of electric field force and impact force was about 10~”N and
the magnitude of the magnetic field force was 10~14N. The above results
conform to the existing study conclusions on the macro scale: electro-
static force contributes the most to smoking.

Fig. 15 shows the powder velocity distribution of the simulation,
reproducing the powder behavior from the “nurture” to the early “grow”
stage of smoking. Under the irradiation of the electron beam, there was a
small powder disturbance in the irradiated area. After 30ps, some
powders started to push the surrounding powders, then left the powder
bed and splashed into the periphery area. Then more powders splashed
from the powder bed and kept moving in the upper area, causing a
powder cloud. The powder cloud showed a centrosymmetric distribu-
tion above the irradiation area. In addition, the speed of splashed
powders can reach several meters per second. Apart from the difference
in time scale, the above simulation results were in agreement with the
optical observation results concerning the stage-wise characteristic.

Fig. 16 shows the charge amount of several selected powders. Each
powder showed obvious charging behavior under electron beam
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Fig. 17. Powder bed state at 500 ps under different conditions: (a) 0C, (b) 1 x 10-8C.
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Fig. 18. Evolutions of (a) electrostatic force, and (b) velocity during impact.

irradiation. Among them, P4 splashed outward and might strike the
detector finally. P4 powder had the fastest charging speed and reaches
the highest charge amount at about 20 ps. This was because P4 powder
is in the center of the irradiated area, where the electron beam current
density is the largest.

The charge-discharge processes of other powders were similar, and
the farther away from the center of the beam spot, the smaller the
maximum charge of the powder. The maximum charge of the powder
can reach 1.2 x 10~°C, which is very close to the value measured based
on electronic signals (~ 10~8C).

5.2. Generation and expansion of craters

Fig. 5 shows the discrete and diffusing “dark spots” observed at the
periphery of the irradiated area in the “explosion” stage of smoking. The
above model reproduced the movement characteristics of powder in the
early “start” and “grow” stages of smoking and revealed its physical
mechanism. However, it was simplified to reduce the calculation
amount and the calculation domain was small. A new case is proposed in
this section to explain the phenomenon of rapid diffusion of smoking in
the far field.

According to the optical observation, “dark spots” indicated the ex-
istence of local powder disturbance caused by the splashed powder
striking the peripheral powder bed, which we called the local powder
cloud. Meanwhile, each disturbed area produced new splashed powders
to cause a new disturbance, meaning the smoking diffused in a mode
similar to the chain reaction. A case was designed in which moving
powders moved toward the powder bed at the speed of 5m/s and with
different charge amounts. Fig. 17(a) and (b) show the strikes of one
uncharged powder and one charged powder on the static powder bed
respectively. After being struck by uncharged powder, the powder bed
stabilized quickly, while the strike of charged powder caused a violent
disturbance.

Fig. 18(a) and (b) are the diagrams of velocity and electrostatic force
evolution before and after powder strikes the powder bed. The charged
powder was significantly attracted by the electrostatic force from the
powder bed, resulting in acceleration and deflection. In this process, the
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powder reached a high speed in a very short time and then struck the
powder bed. The electrostatic force intensifies the strike of the powder
on the powder bed. After the strike process, the speed and electrostatic
force of the impacting powder decreased significantly, indicating that it
transmitted momentum and charge to the stationary powder. After that,
the struck powders splashed and struck the peripheral powder bed in the
same way.

The simulation results proved that the strikes caused by charged
powder resulted in craters, and verified the conjecture to a certain extent
that it promoted the expansion of smoking according to the experi-
mental observation.

6. Conclusions

This study systematically investigates the smoking phenomenon. A
high-speed photography system and an electronic signal detection sys-
tem were built to monitor the smoking phenomenon during the EB-PBF
process in real time. Simulation using the discrete element method was
conducted to investigate the effect of the inertial force and electrostatic
force on the motion of powders. The following conclusions can be
drawn:

(1) Smoking is a sequential process that can be divided into four
stages according to the different motion characteristics of the
powder bed. The non-uniform spatial distribution of electrons
prompts the overcharged powders to splash and strike on the
powder bed forming craters and inducing a chain reaction mak-
ing smoking irreversible.

Smoking is strongly linked to electron charging and discharging,
which is determined by scanning parameters. The generation and
vanishing of powder clouds signify it is possible to recover the
powder bed before the explosion stage. The interval time between
the beam passing the same point may determine whether the
powder cloud continues to expand.

Multistage nature of smoking is confirmed by the strong mapping
relationship between measured electronic signals and powder
behaviors. The proposed electronic signal monitoring system

(2

—

3
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shows the potential of recognizing the characteristic signal
pattern at the “grow” stage of smoking, providing a new route for
predicting and preventing smoking.

(4) Simulation of powder motion behavior based on charge transfer
and powder dynamics model reveals the charging process of
powder particles under electron beam irradiation and verifies
that the electrostatic force is the main driving force of smoking.
The promoting effect of charged particles striking the powder bed
on smoking expansion is confirmed.

The current study, investigating the smoking phenomenon from the
perspectives of observation, monitoring, and simulation, provided a
detailed description of the entire process. Further explorations of spe-
cific powder and electron behaviors, including the persistence of powder
clouds and the interaction between the electron beam and powders, will
be of value.
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