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Abstract: A novel laser powder bed fusion (LPBF) process utilizing a special double-pulse format 

was previously proposed. In this process, typically two different types of laser pulses are fired 

alternatively in time: the low-intensity “sintering laser pulses” intended to melt and coalesce 

particles, followed by the high-intensity “pressing laser pulse(s)” intended to induce plasma to 

generate high pressure onto the powder bed to suppress balling and enhance the density of the 

sintered material. Laser-induced plasma plays a key role in the novel double-pulse LPBF process, 

but has not been studied sufficiently. Some critical questions remain to be better answered, such 

as: what is the minimum plasma-induced pressure needed to effectively suppress balling and how 

do the “sintering pulses” influence the plasma evolution? This paper reports a model-experiment 

integrative study of the plasma in DP-LMS, which is seldom reported in a paper in literature to the 

authors’ knowledge. The plasma evolution is observed in-situ with a high temporal resolution 

using an intensified CCD (ICCD) camera. The optical emission spectrum (OES) of the plasma is 

measured and the plasma temperature is deduced from the OES. A physics-based model for the 

plasma is developed by combining multiple modules. Under the investigated conditions, the model 

predictions show acceptable agreements with the measured plasma temperature and top front 

propagation. Utilizing the model, it has been found that under the conditions studied, the minimum 

plasma-induced pressure required to effectively suppress balling is approximately the pressure 

making the Weber number exceed ~1 for the approximately analogized process of a droplet 

impacting a solid surface. The effect of the “sintering pulses” also influences the evolution of the 

plasma and obviously increase the plasma-induced pressure on the powder bed surface.  
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1. Introduction  

Additive manufacturing sees many current or potential applications in multiple fields due 

to its special capability of rapid and flexible part production [1]. In particular, powder-based 

additive manufacturing processes using a laser beam as the energy source, such as laser powder 

bed fusion (LPBF), can produce parts with complicated geometries and made of different types of 

materials [2, 3]. Continuous wave (CW) lasers are frequently utilized in these additive 
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manufacturing processes [4, 5]. However, short-pulsed lasers, although less commonly used, can 

have their special potential advantages, such as relatively high spatial resolutions, large laser power 

densities that can be achieved and/or good process adjustability [6, 7]. Typically, conventional 

laser-based additive manufacturing processes use powders with sizes around tens of micrometers 

or larger [8-10]. Since part features are fabricated via laser-generated coalition of particles, the 

theoretically achievable minimum feature size can become smaller as the particle size decreases. 

This implies a potential resolution advantage of using smaller powder sizes. In laser micro 

sintering (which is a process producing microscale part features via laser-induced particle 

coalition), small powder sizes of a few micrometers or smaller (< ~10 μm) as well as short-pulsed 

lasers (e.g., nanosecond-pulsed lasers) are frequently employed [8, 11-13]. In this paper, laser 

sintering is broadly defined as any process of particle coalition induced by laser beam irradiation 

regardless of the extent of the particle melting.   

Despite the aforementioned potential advantages for employing short-pulsed lasers and 

fine metal powders (e.g., a few micrometers or smaller) in laser sintering, in such a situation it can 

often be relatively challenging to achieve good continuity and high densification in the produced 

part material [8]. A low relative density of the sintered material and/or the detrimental balling 

phenomenon are often seen [8, 11, 13]. The small powder particles can have high inter-particle 

forces relative to gravity, leading to easiness of agglomeration [11], and the powder can often have 

a relatively high pre-sintering porosity [8, 13].   

A novel additive manufacturing process named “double-pulse laser micro sintering” (DP-

LMS) was proposed by B. Wu and a related patent was granted [14]. DP-LMS utilizes two types 

of laser pulses: a certain number of “sintering laser pulses” are first shot, which are then followed 

by one or multiple “pressing laser pulses” shot at a certain moment after the last sintering pulse. 
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Such a pulse train is called a “pulse group”, and will be repeated as the laser spot scans the powder 

material surface. Typically, the “sintering pulses” are featured by a long duration and low intensity, 

and are intended to melt powder particles and cause their coalition. The “pressing pulses” have a 

short pulse duration and high intensity, and are intended to ablate a small amount of powder 

material and produce plasma. The plasma-induced high transient pressure on the surface of the 

powder material can promote molten material flow, suppress balling, and/or improve the 

continuity and density of the sintered material. The use of two different kinds of laser pulses also 

gives the potential advantage of good flexibility and adjustability in manufacturing. DP-LMS itself 

does not require or preclude additional pre-sintering mechanical compaction of each powder layer 

after powder spreading (the additional mechanical compaction step for each layer may help 

enhance the sintered material density [8], but obviously will also increase the total manufacturing 

time).   

In the authors’ previous papers, DP-LMS using very fine cobalt [12, 13] or iron [15] 

powders have been studied. Under the study conditions in Refs. [12, 13, 15], the DP-LMS process 

can produce much better material continuity, lower porosity and/or less serious balling than the 

process using only the sintering pulses. As introduced earlier, laser-induced plasma plays the key 

role in generating the better results in DP-LMS. Hence, a good understanding of the plasma 

evolution in DP-LMS is crucial. It is very desirable to conduct a study integrating time-resolved 

measurements and physics-based modeling to improve the understanding of the plasma. However, 

such a study for plasma induced from a powder bed using the special laser pulse format in DP-

LMS is rare in a paper in literature to the authors’ knowledge.  

Many studies for laser-induced plasma were reported in literature (e.g., [16-32], However, 

most reported studies are not for plasma generated by laser interactions with powders or particles. 
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Refs.[16-21] studied such plasma, but the plasma was not induced with the special laser pulse 

format in DP-LMS.     

In the authors’ previous study in [16], time-resolved imaging and physics-based modeling 

of plasma produced by a single ~4-ns laser pulse from a cobalt powder bed were performed. The 

model-predicted plasma top front locations in the early stage show a reasonably good agreement 

with those from the imaging. However, the modeling and experimental study in [16] is not on DP-

LMS, which uses both sintering and pressing pulses in each pulse group. Besides, the plasma 

temperature was not measured in Ref [16]. Ref. [17] reports an experimental study of plasma 

induced during Cu-based powder sintering by Q-switched pulsed YAG laser. Time-resolved 

images of the plasma were taken, and the plasma OES were measured, from which the plasma 

electron densities and temperatures were deduced. No physics-based computational modeling 

work was conducted in [17]. Ref. [18] investigated nanosecond-pulsed laser interactions with 

metallic particles on a transparent plate, including the plasma plume induced, where time-resolved 

shadowgraph imaging was conducted in the experimental work. Ref. [19] investigated the optical 

emission from plasma produced by nanosecond-pulsed laser ablation of copper micro particles 

with a diameter of 49-390 μm, and discovered a steplike behavior, i.e., the plasma emission 

intensity has a sudden jump as the particle diameter increases above a certain value. Ref. [20] 

reports an experimental and modeling study for CW laser-based powder bed fusion, involving 

laser-induced plasma plume. Ref. [21] studied the monitoring of a selective laser melting process 

(using a CW laser) through the OES measurement of the laser-induced plume, and found a 

correlation between the OES and the melt pool size.  

None of the studies introduced in the previous paragraph is for the DP-LMS process. DP-

LMS utilizes a very special laser pulse format, typically involving both long, low-intensity 
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sintering pulses and short, high-intensity pressing pulse(s) in each laser pulse group. Due to the 

crucial role of plasma in DP-LMS, a further study on the plasma is clearly needed. In particular, 

the following critical questions remain to be better answered: (1) How do the “sintering pulses” 

influence the plasma generated by the pressing pulse in each pulse group? (2) What is the minimum 

plasma-induced pressure needed to effectively suppress balling for good densification of sintered 

material?  These questions were not answered in the authors’ previous paper [16]. Ref. [16] studied 

plasma generated by a single nanosecond (ns) laser pulse instead of the “laser pulse group” with 

the special pulse format in DP-LMS, and thus did not answer Question (1). In addition, Ref. [16] 

did not answer the critical Question (2), either.       

  In this paper, an experiment-model integrative study is performed for the plasma induced 

during DP-LMS. On the experimental side, time-resolved imaging of the plasma evolution is 

conducted using an ICCD camera with a resolution of ~3 ns. The plasma OES is measured and the 

plasma temperature is then deduced based on the OES (plasma OES measurements were not 

performed in the authors’ previous paper [16]). On the modeling side, a physics-based model for 

DP-LMS is developed based on the authors’ previous work [7, 16]. The model is validated by 

comparing its predictions with the experimentally measured plasma top front propagation and 

temperature. Then the model is employed to improve the understanding of the plasma in DP-LMS 

and answer the two critical questions listed in the previous paragraph. To avoid making this paper 

excessively long, some related information or details are given in the “Supplemental Material” file 

for this paper.  

 

2. Experiments  
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Three types of time-resolved measurements or observations have been performed during 

DP-LMS: (1) Time-resolved imaging for plasma during DP-LMS using an ICCD camera with a 

~3-ns gate width; (2) Plasma OES measurement using a spectrometer to deduce the plasma 

temperature; and (3) Imaging of the laser-irradiated region on the surface of the powder bed using 

a camera with an exposure time of ~41 μs.   

This study utilized the cobalt powder from Alfa Aesar (Product No.: 10455), with a ~1.6-

μm nominal particle size according to the powder’s product specification. First, the powder was 

placed into ~95% ethanol and dispersed ultrasonically for approximately two minutes to reduce 

particle agglomeration. Then the powder in ethanol was stirred by a magnetic stirrer for around 

two minutes. After this, the above ultrasonic dispersion and magnetic stirring processes were 

repeated twice. Then the cobalt powder was spread into the powder bed using a doctor blade. After 

the powder dried naturally, the experiments of laser sintering were performed. The total thickness 

of the particle layer in the powder bed is around ~220 μm. Based on the cobalt bulk density [33], 

the powder weight measured and the apparent powder volume in the powder bed, the powder pre-

sintering porosity is estimated to be around 69%. 

 

2.1 Time-resolved Imaging of Plasma Plume via ICCD Camera 

Figure 1a gives the schematic diagram for the DP-LMS experimental setup (similar to the 

setup in the authors’ previous paper [13]), together with the plasma time-resolved imaging 

apparatus. In the DP-LMS experiments in this paper, as shown in Fig.1c, 10 “sintering laser pulses” 

are fired with a 40-μs pulse-to-pulse time interval. Then 1 “pressing laser pulse” is delivered to the 

powder bed with a temporal distance of ~5 μs from the 10th “sintering pulse”. The “10+1” pulse 

format is not necessarily the only possible good choice in DP-LMS. It is utilized because a similar 
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pulse format has produced reasonably good sintering results in the author’s previous studies [13, 

15].   

The 10 sintering pulses (coming from a SPI G3 laser; wavelength: ~1064 nm) have a long 

full duration of ~200 ns/pulse and a low pulse energy of ~0.031 mJ/pulse, and their intended 

purpose is to melt the particles in the surface area irradiated. On the other hand, the pressing pulse 

(from a Bright Solutions ONDA laser; wavelength: ~1064 nm) has a much shorter full-width-at-

half-maximum (FWHM) duration equal to ~4 ns and a higher pulse energy of ~0.120 mJ (unless 

indicated otherwise), leading to a much higher transient laser intensity. It is intended to produce a 

plasma plume to generate a high pressure pulse on the powder bed, promoting molten material 

flow, and suppressing baling and/or improving material continuity and densification after 

solidification. The control of the relative timing of the pressing and sintering pulses is achieved 

via the digital delay generator. The diameters of the spots for the sintering and pressing laser pulses 

on the powder bed surface are ~82 μm and ~157 μm, respectively. They are approximately 

measured using the knife-edge method under the assumption that both beams follow Gaussian 

intensity profiles. The two beams are aligned in a way such that they have approximately the same 

central axis after they pass the beam splitter. It should also be noted that the simulation results 

given in this paper are for the laser parameters described in this paragraph and illustrated in Fig.1c, 

unless indicated otherwise.   
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(c)  

Figure 1. The schematic diagram showing the major components of the experimental system for 

DP-LMS together with the time-resolved plasma imaging setup (a); the schematic showing the 

plasma OES setup (b); and the sequence of sintering pulses and pressing pulse in a pulse group 

during DP-LMS (𝑡𝑝: pressing pulse arrival moment) (c). The plot in (c) does not necessarily 

show the actual shapes or intensities of the pulses.    
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The time-resolved imaging system mainly consists of an objective lens (f = 20 mm), a tube 

lens (f = 200 mm) and an ICCD camera (Andor, DH 334T-18U-E3). The objective and tube lens 

lead to a 10X  magnification. According to the product specification, the ICCD detector has a pixel 

size of ~13 μm × ~13 μm. Thus, in an ICCD image each pixel corresponds to an actual physical 

domain size of ~1.3 μm × ~1.3 μm. The ICCD gate width is chosen as ~3 ns in the plasma imaging 

experiments, while the gain is set as 1000.  The moment of ICCD gate opening (i.e., the moment 

of image capturing) relative to the beginning of the pressing laser pulse is controlled via the delay 

generator. One image is captured in each experiment and then the laser spot is moved to a fresh 

powder bed surface location to take the next image.  From the images captured at different delay 

times, the temporal evolution of the plasma size and shape can be obtained. For the ICCD images 

given in this paper, the time labeled refers to the moment of the ICCD gate closing.   

 

2.2 OES Measurement and the Deduction of Plasma Temperature  

Figure 1b shows the experimental setup for the time-resolved OES measurement. In the 

OES measurement system, the Thorlabs uncoated UV-Grade Fused Silica (UVFS) lens (f = 50 

mm) and collimation package (f = 33.9 mm) collects optical emission from the plasma plume into 

an optical fiber bundle (Thorlabs, BF20HSMA01, core diameter: ~550 μm). The fiber delivers the 

emission into a spectrometer (Andor, SR-500i-A) that spatially separates light at different 

wavelengths with a 1200 l/mm grating. An ICCD camera is attached to the spectrometer as the 

detector to measure and obtain the spectrum of the light emitted from the plasma. The OES 

measurement temporal resolution is determined by the gate width of the ICCD camera, chosen as 

~40 ns for the OES result given in this paper. The ICCD gain is set as 3000 for the OES 

measurement. Prior to measurements, the spectrometer went through a calibration process. The 
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wavelength calibration was achieved using a mercury-argon wavelength calibration source from 

Ocean Insight (HG-2). To enhance the signal-to-noise ratio (SNR) in the spectrum, each OES used 

for plasma temperature deduction was obtained by accumulating signals from twenty 

measurements performed under the same DP-LMS condition. Prior to the plasma OES 

measurements, the background signals (due to noises, etc.) were acquired and then subtracted from 

the plasma OES measured. 

The plasma temperature can be deduced from the measured OES. If the plasma plume can 

be assumed to be optically thin and in local thermodynamic equilibrium [34-39], then the measured 

spectral line intensity resulted from the transition between an upper energy level m and a lower 

energy level n of a certain plasma species (e.g., neutral cobalt atoms), Imn, can be related to the 

plasma species excitation temperature T via the following relation [34, 35]:  

𝑙𝑛 (
𝐼𝑚𝑛𝜆𝑚𝑛

𝑔𝑚𝐴𝑚𝑛
) = −

1

𝑘𝑏𝑇
𝐸𝑚 + 𝑙𝑛 [

𝐹ℎ𝑐𝑁𝑠

𝑈𝑠
]                        (1) 

where 𝑘𝑏, 𝑐 and ℎ represent the Boltzmann constant, vacuum speed of light and Planck constant, 

respectively, 𝐴𝑚𝑛 denotes the transition probability, 𝜆𝑚𝑛 denotes the wavelength, 𝑔𝑚 and 𝐸𝑚 

denote the upper level’s statistical weight and energy, respectively, 𝑁𝑠 and 𝑈𝑠 are the species’ total 

number density and partition function, respectively, and 𝐹 is a parameter related to the plasma 

volume and the collection efficiency of the optical emission measurement system [35].  From the 

measured plasma OES, the spectral line intensities for the transitions of multiple upper-lower 

energy level pairs for the same type of species can be obtained. Then multiple points can be 

obtained in the plot for  ln(
𝐼𝑚𝑛𝜆𝑚𝑛

𝑔𝑚𝐴𝑚𝑛
)  versus 𝐸𝑚. The multiple points can be fitted by a straight line, 

whose slope is approximately −
1

𝑘𝑏𝑇
. From the slope, the plasma temperature T can be obtained. In 

this study, the measured OES data for a spectral line peak is first fitted by the Voigt function [40-
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42] using the LMFIT Python package [43] based on the least-square method. Then the spectral 

line integral intensity Imn can be obtained.   

 

2.3 In-situ Imaging of Powder Bed Surface   

The powder bed surface was observed in situ using a camera during DP-LMS as shown in 

Fig.2. The objective and tube lens used together with the camera (PixeLINK PL-D755MU-T) are 

the same as those used in the ICCD imaging setup in Fig.1a. The exposure time of the camera is 

set as ~41 μs for the results shown in this paper. The image capturing is triggered by a digital delay 

generator to start at ~6.3 μs after the pressing laser pulse in DP-LMS (or after the last sintering 

pulse in SP-LMS that uses only the sintering pulses). During DP-LMS, the hot area of the powder 

bed surface (e.g., the melt pool) emits relatively intense light and hence can show up as a bright 

region in the image. The images can reveal useful information about the DP-LMS and the SP-LMS 

processes, which will be discussed in detail later.   

 

Figure 2: Schematic of the optical apparatus for time-resolved imaging of the power bed surface 

in DP-LMS  
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3. Model for Plasma Generation and Evolution in DP-LMS 

In the studied DP-LMS process, 10 sintering laser pulses are followed by 1 pressing laser 

pulse fired at ~5 μs after the 10th sintering pulse in each pulse group. The sintering pulses have a 

relatively low intensity and a long pulse duration (~200 ns) with a 40-μs pulse-to-pulse time 

interval. They do not generate a plasma plume under the condition studied. However, they will 

generate a surface melt pool in the powder bed that is still in existence when the pressing laser 

pulse arrives (as found from the model simulation in this study). In addition, the air condition 

(temperature, density and pressure) near the laser spot on the powder bed surface will be altered 

by the powder-air heat transfer during the irradiation of the 10 sintering pulses. Different from the 

sintering laser pulses, the pressing laser pulse has a much shorter pulse duration (~ 4 ns) and a 

much higher peak intensity. It drives the melt pool surface temperature to a very high value, 

causing significant surface vaporization and plasma formation. The generation and evolution of 

the plasma may be affected by the powder bed temperature and the ambient air condition at the 

moment of the pressing pulse’s arrival, which are influenced by the preceding sintering pulses.  

The authors’ prior paper [7] reported the thermal modeling of the temperature field in a 

micro metallic powder bed induced by low-intensity ~200-ns laser pulses. In the authors’ another 

previous paper [16], the plasma plume produced by a single ~4-ns laser pulse irradiation of a micro 

metallic powder bed was simulated using a thermal and gas dynamic model. However, neither [7] 

nor [16] modeled the plasma plume generation and evolution during DP-LMS.  

Based on the authors’ previous work in [7] and [16], this paper reports the modeling of the 

plasma generation and evolution in DP-LMS. The modeling or measurement of the plasma 

evolution in DP-LMS is seldom in a paper in literature to the authors’ knowledge. The modeling 

and measurement results in this paper provide new knowledge on plasma properties and evolution 
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in DP-LMS. This study will answer the following previously unanswered questions: (1) How do 

the “sintering pulses” influence the plasma generated by the “pressing pulse” in DP-LMS? (2) 

What is the minimum plasma-induced pressure needed to effectively suppress balling for good 

densification of sintered material?  Thus, this work has a clear novel contribution to the field.  

 The powder particle has a small nominal size, which is only ~1.6 μm. Hence, a model 

explicitly tracking and simulating the evolution of all particles would be too expensive (if feasible 

at all) computationally. Hence, in this model an approximate assumption has been made that the 

powder bed is a continuum medium with effective material properties depending on its porosity. 

In addition, under the conditions studied the plasma is produced due to rapid evaporation (on the 

scale of nanoseconds) from the powder bed surface. It is assumed that the effect of the molten 

material flow in the condensed phase on the plasma evolution can be approximately neglected. 

These assumptions have greatly reduced the computational cost of the model. The model-predicted 

plasma front propagation and temperature will be compared with experimental measurements to 

verify if the model can still have an acceptable accuracy with these simplified assumptions. In the 

plasma measurements in this paper (the imaging as well as the optical emission spectroscopy 

(OES) measurements to obtain plasma temperature), only one laser pulse group is sent and the 

laser spot does not move during each measurement. Hence, it is sufficient to develop a 2D 

axisymmetric model to compare its simulation results with the measurement results.   

 

3.1 Overall Structure of the Model  

Figure 3 illustrates the model’s overall structure. The simulated process can be divided into 

two stages: the sintering pulse stage from t = 0 to 365 μs and the pressing pulse stage after the 

pressing laser pulse arrives at t = 365 μs. The model has three modules: (1) the “Powder Bed 
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Module in the Sintering Pulse Stage”, which simulates the temperature evolution in the powder 

bed during the irradiation of the 10 sintering pulses in the pulse group (from t = 0 to 365 μs); (2) 

the “Air Module in the Sintering Pulse Stage”, which simulates the evolution of the ambient air as 

well as the air in the pores of the powder bed due to the powder-air heat transfer during the 

irradiation of the 10 sintering pulses (from t = 0 to 365 μs); and (3) the “Pressing Pulse Stage 

Module” (for t > 365 μs), which simulates the pressing laser pulse-induced plasma evolution by 

solving governing equations in the gaseous phase as well as the powder bed regions.  

The computational domain for Module (1) is a region in the powder bed around the laser 

spot. The domain for Module (2) includes both the domain of Module (1) in the powder bed (which 

has air in the pores of the powder bed) and a region above the powder bed. First, the simulation 

with Module (1) is performed. The predicted temperature history in the powder bed is loaded into 

Module (2) (for the portion of its domain in the powder bed), based on which the simulation with 

Module (2) is conducted. The simulation results from Module (1) and (2) at t = 365 μs (right before 

the arrival of the pressing pulse) are loaded into Module (3) as its initial conditions. Then the 

simulation with Module (3) is performed.    
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Figure 3. Schematic of the structure and setup of the model for plasma generation and evolution 

in DP-LMS (𝜌0, 𝑉0
⃗⃗  ⃗, T0 and P0 are the density, velocity, temperature and pressure spatial 

distributions at t = tp predicted by the sintering pulse stage modules. 𝜕/𝜕𝑛 is the spatial 

derivative in the normal direction of a boundary). 
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3.2 The Powder Bed Module in the Sintering Pulse Stage 

 This module simulates the evolution of the temperature field of the powder bed induced by 

the 10 sintering pulses by solving the following heat transfer equation [7, 44, 45]:  

𝜕𝜌𝐻

𝜕𝑡
=

1

𝑟
[𝑟𝑘𝑒𝑓𝑓

𝜕2𝑇

𝜕𝑟2 +
𝜕𝑇

𝜕𝑟

𝜕

𝜕𝑟
(𝑘𝑒𝑓𝑓𝑟)] +

𝜕

𝜕𝑧
(𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑧
) +

𝜕𝐼(𝑟,𝑧,𝑡)

𝜕𝑧
             (2) 

where t represents time, r and z denote spatial coordinates in the r and z direction, respectively, 𝐻 

denotes the powder material (cobalt) enthalpy per unit mass, which is related to T (temperature) 

through the bulk cobalt specific heat as well as the latent heat of melting (for temperatures reaching 

or exceeding the melting starting point), and 𝜌 is the effective density of the powder bed medium, 

which is related to the bulk cobalt’s density 𝜌𝑐𝑜  and the powder bed’s porosity 𝜑 by: ρ =

𝜌𝑐𝑜(1 − 𝜑), where the density of air filling the pores is very small and hence has been neglected.  

When the powder bed medium is in the solid phase, its effective thermal conductivity 

𝑘𝑒𝑓𝑓 is roughly assumed to be 3% of the bulk cobalt conductivity 𝑘𝑐𝑜, where the percentage value 

is estimated based on the information from the computational study of metal powder conductivities 

in Ref. [46] for iron powder considering the similarity of regular properties between iron and cobalt 

[33, 46-48]. When the medium is in the molten state (or re-solidified after melting), it is assumed 

𝑘𝑒𝑓𝑓 = 𝑘𝑐𝑜(1 − 𝜑) + 𝑘𝑎𝑖𝑟𝜑 [49], where 𝑘𝑎𝑖𝑟 is the air thermal conductivity. In the last term on 

Eq. (2)’s right side, 𝐼(𝑟, 𝑧, 𝑡) represents the laser intensity. Its variation with z inside the powder 

bed (which corresponds to the absorption of laser energy) is calculated using the analytical model 

from [50] based on the particle size and powder porosity. If melting occurs at the powder bed 

surface, then the surface evaporation flux is calculated based on the surface temperature using the 

Hertz-Knudsen equation with a constant vaporization coefficient of ~0.82 and a saturation vapor 

pressure determined from the Clausius-Clapeyron equation [7, 44, 51-53].  
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Eq. (2) was solved using a computer code established by the authors’ team [7] utilizing an 

explicit finite difference method [54] based on MATLAB (version R2020b. The MathWorks, Inc.). 

Some additional information about this module is given in the “Supplemental Material” file for 

this paper. This module is based on the thermal model in the authors’ prior paper [7], in which 

more details (when not given in any file for this paper) are available.  

 

3.3 The Air Module in the Sintering Pulse Stage 

 Due to the irradiation of the 10 sintering pulses, the powder’s temperature is elevated, 

causing the powder-air heat transfer. Air exists in both the pores of the powder bed and the region 

above the powder bed surface. The powder-air volumetric heat capacity ratio is very large. Thus, 

the powder-air heat transfer is expected to have a small overall effect on the powder’s temperature 

field and hence is neglected in the calculation in the “Powder Bed Module in the Sintering Pulse 

Stage”. However, since air has a much smaller heat capacity per unit volume than the powder, the 

powder-air heat transfer may significantly change the temperature and density of the air in the 

pores of the heated powder bed region and the ambient air above the laser-irradiated surface region 

of the powder bed. This may influence the subsequent evolution of plasma induced by the pressing 

laser pulse. Hence, the “Air Module in the Sintering Pulse Stage” is to simulate the gas dynamic 

process of the air in the pores of the powder bed and in the region above the surface of the powder 

bed due to the heat transfer from the powder in the sintering pulse stage.  

 A schematic for the domain of this module is included in Fig.3, which also shows the 

domain boundary conditions. The evolution of the air is simulated using OpenFOAM [55-58] to 

solve 3D compressible gas dynamic equations on a wedge of 5°, where the wedge boundary 
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condition [59] is used in the azimuthal direction, leading to an approximately equivalent 2D 

axisymmetric description of the air evolution.  

 For the air module’s computational domain above the powder bed’s surface, the governing 

equations include the continuity, momentum and energy equations for compressible gas. Gravity 

and viscous stresses are considered in the governing equations, but turbulence is not. For the air 

module’s computational domain in the powder bed, air flows in the pores. What needs to be 

modeled is a fluid flow process in a porous medium [60-66]. The ideal gas equation of state (EOS) 

is used for air, while the air viscosity and thermal conductivity as a function of the air temperature 

and density are taken from Ref. [67]. The air specific heat Cp is assumed to be constant and equal 

to 1004 J/kg·K [68-70].  

It is assumed that the temperature history of the air at a spatial point in the powder bed is 

the same as that for the powder at the same spatial point, which is taken from the simulation result 

of the “Powder Bed Module in the Sintering Pulse Stage”. Hence, there is no need to solve the 

energy equation for the air in the powder bed domain. The continuity and momentum equations 

for the compressible air in the porous medium of the powder bed are given as [60-66, 70]:  

                                     
𝜕(𝜀𝑝𝜌)

𝜕𝑡
+ ∇ ∙ (𝜌𝑢⃗ ) = 0                             (3a) 

             
𝜕(𝜌𝑢⃗⃗ )

𝜕𝑡
+ ∇ ∙ (𝜌𝑢⃗ 𝑣 ) = −𝜀𝑝∇P + ∇ ∙ (𝜏̃) + 𝐹 𝑑 + 𝜀𝑝𝜌𝑔                   (3b) 

where 𝜌 and P denote the air density and pressure, respectively, 𝜀𝑝 is the medium porosity, 𝑢⃗  is 

the air Darcy velocity in the porous medium (𝑢⃗ = 𝜀𝑝𝑣 , where  𝑣  is the air interstitial velocity), 𝜏̃ 

is the viscous stress tensor calculated based on 𝑢⃗ , 𝑔  is the gravitational acceleration vector, and 𝐹𝑑
⃗⃗⃗⃗  

is the volumetric force on the air due to the powder particles.  
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At t = 0, the air is assumed to have zero velocity, a pressure of 1 atm and a temperature of 

300 K. Some further details about the Air Module are given in the “Supplement Material” file for 

this paper.  

 

3.4 The Pressing Pulse Stage Module  

 The Pressing Pulse Stage Module is to simulate the generation and evolution of the plasma 

induced by the pressing pulse. As shown in Fig.3, the computational domain of this module 

includes both the powder bed region and the ambient gaseous phase region, where the heat transfer 

equation and the gas dynamic equation are solved, respectively. The calculation with this module 

starts at t = 365 μs (when the pressing laser pulse starts). The simulation results at t = 365 μs from 

the “Powder Bed Module in the Sintering Pulse Stage” and the “Air Module in the Sintering Pulse 

Stage” will be used as the initial conditions of the powder bed region and the ambient gas region, 

respectively, for the “Pressing Pulse Stage Module”.  

  When surface evaporation occurs, the powder bed surface recedes at a velocity of 𝑉𝑣𝑎𝑝 

(called “surface evaporation velocity”). The z coordinate system is defined in a way such that z = 

0 is always positioned at the top surface of the powder bed. In such a coordinate system, the 

condensed phase material of the powder bed moves in the +z direction at 𝑉𝑣𝑎𝑝 as shown in Fig.3. 

Thus, in this module the heat transfer equation in the powder bed region is similar to Eq. (2), except 

that an additional term, 𝑉𝑣𝑎𝑝
𝜕𝜌𝐻

𝜕𝑧
, is added on the left side of the equation.   

In the “Pressing Pulse Stage Module”, as introduced in the authors’ prior paper [16], the 

powder bed surface reflectivity for the laser beam is determined using Fresnel equations based 

upon the material complex refractive index, while the optical absorption coefficient is determined 

based on the refractive index’s imaginary part [71].  
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 The evolution of the material vaporized from the powder surface as well as the ambient air 

is governed by the two-dimensional compressible gas dynamic equations [16, 44, 72-74]:  

       
𝜕𝜌𝑣𝑎𝑝

𝜕𝑡
+

𝜕(𝜌𝑣𝑎𝑝𝑉𝑟)

𝜕𝑟
+

1

𝑟
(𝜌𝑣𝑎𝑝𝑉𝑟) +

𝜕(𝜌𝑣𝑎𝑝𝑉𝑧)

𝜕𝑧
= 0                    (4a) 

       
𝜕𝜌𝑎𝑖𝑟

𝜕𝑡
+

𝜕(𝜌𝑎𝑖𝑟𝑉𝑟)

𝜕𝑟
+

1

𝑟
(𝜌𝑎𝑖𝑟𝑉𝑟) +

𝜕(𝜌𝑎𝑖𝑟𝑉𝑧)

𝜕𝑧
= 0                    (4b) 

         
𝜕𝜌𝑉𝑟

𝜕𝑡
+

𝜕𝜌𝑉𝑟
2

𝜕𝑟
+

1

𝑟
(𝜌𝑉𝑟

2) +
𝜕(𝜌𝑉𝑟𝑉𝑧)

𝜕𝑧
= −

𝜕𝑃

𝜕𝑟
                       (4c) 

       
𝜕𝜌𝑉𝑧

𝜕𝑡
+

𝜕𝜌𝑉𝑟𝑉𝑧

𝜕𝑟
+

1

𝑟
(𝜌𝑉𝑟𝑉𝑧) +

𝜕(𝜌𝑉𝑧
2)

𝜕𝑧
= −

𝜕𝑃

𝜕𝑧
                         (4d) 

     
𝜕(0.5𝜌𝑉2+𝐸𝑖)

𝜕𝑡
+

𝜕[(0.5𝜌𝑉2+𝐸𝑖+𝑃)𝑉𝑟]

𝜕𝑟
+

1

𝑟
(
1

2
𝜌𝑉2 + 𝐸𝑖 + 𝑃)𝑉𝑟 +

𝜕[(0.5𝜌𝑉2+𝐸𝑖+𝑃)𝑉𝑧]

𝜕𝑧
=

                                
𝜕

𝜕𝑧
(𝑘𝑔

𝜕𝑇

𝜕𝑧
) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝑘𝑔

𝜕𝑇

𝜕𝑟
) + 𝛼𝐼(𝑟, 𝑧, 𝑡)          (4e)                  

where 𝜌𝑣𝑎𝑝 and 𝜌𝑎𝑖𝑟 are the cobalt vapor and air density, respectively, 𝜌 is the total density (𝜌 =

𝜌𝑣𝑎𝑝 + 𝜌𝑎𝑖𝑟),  𝑉𝑟 and 𝑉𝑧 represent the r- and z-direction velocity, respectively, V denotes the total 

velocity magnitude, 𝐸𝑖 is the internal energy per unit volume, P is pressure, 𝛼 is the laser optical 

absorption coefficient of the gaseous phase, and 𝑘𝑔 denotes the gaseous phase thermal 

conductivity.  

Introductions about the cobalt vapor’s equation of state (EOS) [69, 75], laser absorption 

coefficient [76] and thermal conductivity [77] are given in the “Supplement Material” file for this 

paper. Under the condition studied, in the pressing pulse stage typically the high-temperature air 

region (with temperatures higher than 2000 K, approximately at which air molecule dissociation 

begins under a moderate pressure [78]) is very thin (typically < ~10 μm). Besides, nitrogen and 

oxygen have high ionization potentials [79, 80]. Thus, as a reasonable approximation, in this 
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module the air dissociation, ionization and absorption of laser beam are not considered [16]. It is 

also expected that the effect of the air thermal conductivity in this module is small, and thus as an 

approximation the air thermal conductivity under the regular room condition determined based on 

[67] has been used.    

The boundary condition for the gas dynamic equations at z = 0 is based on the Knudsen 

layer relation [44, 51, 52, 72, 81-84], relating the temperature of the powder bed surface with the 

vapor state right above the surface. Ref. [44] has listed the Knudsen layer relation. The governing 

equations in the condensed and gaseous phases are numerically solved together in each time step, 

using an in-house developed computer code. The gas dynamic equations are solved with an explicit 

essentially non-oscillatory (ENO) method [85], while the heat transfer equation for the powder 

bed region is solved with an explicit finite difference method. The “Pressing Pulse Stage Module” 

is based on the model reported in the authors’ prior paper [16], in which more details (when not 

given in any file for this paper) are available. As introduced earlier, the powder bed medium 

effective properties are calculated based on the powder bed porosity and the bulk cobalt properties 

taken from the literature [33, 86-92]. A table summarizing the major bulk cobalt properties used 

is given in the authors’ previous paper [16]. Some additional information is given in the 

“Supplemental Material” file. 

 

4. Results and Discussions  

4.1 Plasma Imaging and OES Measurement Results 

Figure 4 (the left column) shows the ICCD imaging results for plasma induced in DP-LMS. 

The images are taken at different time after the pressing laser pulse arrives. In Figure 4, the moment 

at which the pressing laser pulse arrives is defined as t = 0. The laser beam propagation direction 
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is downwards and the powder bed surface is located at around the bottom of each image. It can be 

seen from the figure that the plasma front propagates upwards quickly in the time range given. 

One interesting phenomenon shown by the images is that after t = ~30 ns, the plume appears to be 

separated from the powder bed surface and its bottom region is relatively dark, implying a 

relatively low temperature and/or density.      

Figure 5 shows one measured optical emission spectrum (OES) of plasma in DP-LMS in 

the given wavelength range. The ICCD gate is open from t = ~35 ns to ~75 ns (where t = 0 is 

defined as the arrival moment of the pressing laser pulse). The spectrum is obtained by 

accumulating the results from 20 measurements under the same condition. The spectral lines 

labeled are identified based on (and the labeled values come from) the NIST database [93]. Based 

on measured OES data, a typical Boltzmann plot constructed is shown in Fig.6. The six spectral 

lines of neutral cobalt atoms at 356.94 nm, 357.54 nm, 358.72 nm, 384.55 nm, 389.41 nm and 

412.13 nm are utilized, leading to six points in the Boltzmann plot. The spectroscopic data used in 

constructing the plot is listed in Table 1 [93].  Figure 6 shows that the six points can be fitted well 

by a straight line with R2 = 0.95. Four Boltzmann plots have been constructed based on four OES 

results measured under the same condition (where each OES result is the accumulation of the 

signals from 20 measurements). The plasma temperature has been deduced to be ~ 4820 ± 234 K, 

where 234 K is the standard deviation of the four temperatures deduced from the four Boltzmann 

plots.   
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(Figure 4 continues on the next page) 
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Figure 4. The ICCD images of plasma plume taken at different time after the arrival of the 

pressing pulse during DP-LMS (left column), compared with the model-calculated gaseous phase 

material temperature (middle column) and density (right column). The actual physical domain 

size for each ICCD image or simulation result plot is 300 μm × 300 μm, and the powder bed 

surface is located at around the bottom. For this figure, t = 0 is defined as the arrival moment of 

the pressing laser pulse. Each image on the left column is the accumulation of five ICCD images 

taken under the same condition. In the contour plots, the colors at the plot bottom are based on 

the model-calculated values at the first row of numerical grid points above the powder bed-gas 

phase interface (this is also the case for Fig.14 shown later).        
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Figure 5. Measured OES of plasma induced during DP-LMS (the ICCD gate is opened from t = 

35 ns to 75 ns, where t = 0 is defined as the arrival moment of the pressing laser pulse). (The 

spectrum is obtained by accumulating 20 measurements under the same condition). 

 

 

 

Figure 6. The Boltzmann plot constructed based on the measured plasma OES during DP-LMS 

(the ICCD gate is opened from t = 35 ns to 75 ns, where t = 0 is defined as the arrival moment of 

the pressing laser pulse.) 
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Table 1. Spectroscopic data of Co I lines employed in constructing the Boltzmann plot to deduce 

the plasma excitation temperature [93]. 
  

Wavelength 

λ 

(nm) 

The upper level’s 

statistical weight 

gm 

Probability of transition 

Amn 

(×107 1/s) 

The upper level’s energy 

Em 

(1/cm) 

356.94 8 15.00 35450.56 

357.54 8 0.96 28777.27 

358.72 6 14.00 36329.86 

384.55 10 4.60 33439.72 

389.41 8 6.90 34133.59 

412.13 10 1.90 31699.69 

 

The deduction of plasma temperature with the Boltzmann plot method is based upon the 

assumption of local thermodynamic equilibrium (LTE), requiring the satisfaction of the 

McWhirter’s criterion [34, 37, 38].  Related discussions are given in the “Supplemental Material” 

file of this paper.  As demonstrated in Fig.5, the continuum emission component in the measured 

OES for the given time range is small, and hence is not removed from the OES signal during the 

temperature deduction process.    

 

4.2 Physics-based Modeling Results and Comparison with Experiments    

 In Fig. 4, the middle and right columns show the contour plots of the model-predicted 

gaseous phase temperature and density, respectively, from t = 15 to 45 ns. Figure 7 shows the 

model-predicted plasma top front propagation in comparison with that estimated from the ICCD 

images. Some model-experiment differences do exist, which is reasonable considering that the 

simulated process is very complicated and the model is based on simplified assumptions made to 

get an affordable computational cost. On the other hand, the model-experiment agreement is still 

within an acceptable range. In Fig.4, the model predictions at t = 15 and 20 ns show reasonably 

high temperatures and densities in the plasma plume’s bottom region, consistent with the ICCD 
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images at t = 15 and 20 ns, showing the plume bottom has reasonably high brightness. On the other 

hand, the model predictions after t = ~30 ns show relatively low temperatures and densities in the 

plume’s bottom region, consistent with the ICCD images after t = ~30 ns, showing the plume 

bottom becomes dark and appears to be separated from the powder bed surface. In Fig. 7, although 

the experimental curve for the plume front location initially has a larger slope than the model-

predicted curve, later on the two curves become reasonably parallel, implying a similar 

propagation speed of the plume front. The difference in the front locations between the two curves 

still appear to be within an acceptable range considering the complexity of the process simulated. 

It should be noted that uncertainties in the experimental measurements related to the powder bed, 

laser pulses and/or the ICCD imaging system might also contribute to the model-experiment 

difference shown in Fig. 7.    

 

Figure 7. The plasma top front propagation predicted from the model compared with that 

estimated from the ICCD images.   
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 It should be noted that for Fig.7 the earliest moment at which an ICCD image is taken is t 

= 10 ns. At t = 10 ns, Fig.7 shows the plasma plume already has a certain size. Thus, it is expected 

that plasma plume is formed at t < 10 ns. Plume images before t = 10 ns were not taken, because 

the plume size is expected to be very small (top front location smaller than ~20 μm) and likely the 

images will not provide very useful additional information for the purpose of this study.  

Figure 8 shows the model-predicted plasma temperature evolution with time, in 

comparison with the experimentally deduced temperature (the excitation temperature of neutral 

cobalt atoms in the plasma). In the OES measurement, the ICCD gate is open from t = 35 to 75 ns, 

represented by the time error bar. The model-predicted temperature plotted is the weighted spatial 

average of the cobalt vapor temperature with the averaging method detailed in the “Supplemental 

Material” file. The simulation result in Fig. 8 shows that the temperature first increases with time, 

reaches the peak value and then decreases with time. The temperature predicted by the model is 

reasonably close to that measured in the experiment.  

 

                                                                 

Figure 8. The plasma temperature (the weighted average values in space for cobalt vapor as 

introduced in the paper text) predicted by the model in comparison with that deduced from the 

OES measurement.   
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 In summary, Figs. 4 and 7-8 show the model-experiment comparisons in different aspects. 

Although some deviations do exist, overall the model-experiment agreements still appear to be 

acceptable for the main purpose of this study, which is to use the model to reveal how to analyze 

the effect of the plasma-induced pressure on the sintering result in DP-LMS and reveal the effect 

of the “sintering pulses” on the plasma evolution. These will be introduced in the next two sections.  

 

4.3 Model Analysis of Plasma Pressure Effect on the Sintering Quality in DP-LMS  

  Transient pressure is induced onto the powder bed surface due to the plasma generated 

during DP-LMS.  The plasma-induced pressure on the powder bed surface plays a key role in DP-

LMS and significantly affects the sintering result. Figure 9a shows the optical microscopic image 

of a surface region sintered by DP-LMS, in comparison with that sintered by the single-pulse laser 

micro sintering (SP-LMS) process in Fig.9b using only the low-intensity “sintering laser pulses” 

without plasma produced by the “pressing laser pulse”. The region is sintered by sending one laser 

pulse group to each of the 3 × 3 locations as shown in Fig.9c.  It can be seen from Fig.9a that the 

surface region sintered by the DP-LMS process utilizing the pressing pulse energy equal to ~0.12 

mJ appears reasonably continuous and densified, while that by SP-LMS shows serious “balling”, 

i.e., molten powder material shrinks into individual (near) spherical balls and then re-solidifies. As 

already qualitatively explained in the authors’ previous papers [12, 13, 15], the plasma-induced 

pressure in DP-LMS, if high enough, can promote the melt flow, push the melt into a relatively 

continuous layer, and greatly reduce balling.   

 



30 
 

 

 

 

Figure 9. Optical micrographs of regions sintered via DP-LMS utilizing a pressing pulse energy 

of ~0.120 mJ (a) and via SP-LMS using only sintering laser pulses (b); the regions are sintered 

through laser irradiation of the 3×3 spot array shown in the schematic diagram in (c).   

 

 Figure 10 shows the in-situ images of the powder bed surface around the laser-irradiated 

region during (a) DP-LMS and (b) SP-LMS processes taken using the setup in Fig. 2. For Fig. 10a, 

the image capturing starts at ~6.3 μs after the pressing pulse in a laser pulse group, while for Fig. 

10b, the image capturing starts at ~6.3 μs after the last sintering pulse in a laser pulse group. The 

cobalt material at elevated temperatures has more significant light emission and appears bright in 

the images. In Fig.10a, the bright region appears reasonably continuous and overall the brightness 

level appears reasonably uniform within the bright region. On the other hand, Figure 10b shows 
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multiple near-circular bright spots, separated by dark regions, implying “balling” has likely 

occurred. The melted cobalt particles coalesce and evolve into individual “balls”, leading to poor 

material continuity upon solidification as demonstrated in Fig. 9b.      

   

 

Figure 10. Images of the powder bed surface around the laser irradiated region during (a) DP-

LMS and (b) SP-LMS.  

 

  In this paper, using the experimentally verified physics-based model for the plasma in DP-

LMS as a tool, a further analysis will be performed about the effect of the plasma-induced pressure 

on balling in DP-LMS. Figure 11a shows the sintering results by DP-LMS using different pressing 

pulse energies from ~0.089 to ~0.120 mJ. The sintering result looks reasonably good at ~0.120 

and ~0.103 mJ, although the quality of the latter is slightly worse with a little more significant 

balling. However, when the pressing pulse energy drops to ~0.089 mJ, obvious balling starts 

showing up in the sintered region. The deterioration of the sintering quality should be due to the 

plasma pressure reduction as the pressing pulse energy decreases. Figure 11b shows the model-

predicted distribution of the total pressure exerted on the surface of the powder bed for DP-LMS 

utilizing different pressing laser pulse energies (for t = 6 ns, at or near which the pressure at r = 0 

approximately reaches the peak value in time).  The total pressure 𝑃𝑡𝑜𝑡 is the pressure of the 
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condensed phase right below the interface of the condensed and gaseous phases. Based on the mass 

and moment conservations at the interface it can be calculated as: 𝑃𝑡𝑜𝑡 ≅ 𝑃 + 𝜌𝑉𝑧
2 , where 𝑃, 𝜌 

and 𝑉𝑧 are the gaseous phase pressure, density and z-direction velocity, respectively, at the point 

right above the Knudsen layer at the powder bed surface (their values at the first row of numerical 

grid points above the powder bed surface are used in calculating 𝑃𝑡𝑜𝑡 in this paper).  It can be seen 

that with the pressing pulse energy of ~0.120 mJ, the pressure induced at r = 0 is around 164 MPa. 

It drops to around 83 MPa when the pressing pulse energy is decreased to ~0.089 mJ. As detailed 

in the “Supplemental Material” file, the laser-induced radiation pressure [94] is found to be 

insignificant and not considered.  
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 (b) 

Figure 11. (a) Optical micrographs of regions sintered via DP-LMS using various pressing pulse 

energies (E2) as labeled; and (b) The model-predicted distribution of the total transient pressure 

induced on the powder bed’s surface due to laser-generated plasma during DP-LMS using 

various pressing pulse energies (the plots are for t = 6 ns, at or near which the pressure at r = 0 

approximately reaches the peak value in time).    

  

The pressure due to laser-induced plasma can impact the melt balls that might be formed 

due to melt flow driven by surface tension [95]. When the pressure is high enough, it can press a 

melt ball into a flat layer of molten material, reducing the balling phenomenon in the re-solidified 

material layer. However, the major question is: what is the minimum plasma-induced pressure 
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required to effectively suppress obvious balling during DP-LMS? This question will be analyzed 

below with the help of the DP-LMS plasma model.  

 As shown in Fig.12, the impact of a pressure pulse with a magnitude of P on a melt ball (a 

liquid droplet) can be analyzed with a rough analogy to an approximately similar process of a 

liquid droplet impacting a solid surface at a velocity V, a problem that has been studied in the 

literature [96-98]. The value of P and V can be approximately related by the relation: 𝑃 ≈ 𝜌𝐶𝑠𝑉 

[98-100], where ρ and 𝐶𝑠 are the density and shock speed of the liquid, respectively (the shock 

speed is close to the sound speed when the pressure is not very high). The analogy and the P-V 

relation are certainly rough, but should be sufficient for the following scale analysis. 

 

 

Figure 12. Schematic illustrating the rough, but reasonable analogy between the process of a 

pressure pulse impacting a liquid droplet and the process of the liquid droplet impacting a solid 

substrate surface.   

 

  After a droplet impacts a surface, its subsequent evolution process on the surface can be 

analyzed based on dimensionless numbers, one of which is the Weber number We [96, 97]:            

𝑊𝑒 =
𝜌𝑉2𝐿

𝜎
 (5) 

where L is the droplet radius [96] or diameter [97], 𝜎 denotes the liquid surface tension and 𝜌 is 

the liquid density. The Weber number indicates the significance of the impact relative to the 

surface tension on the droplet evolution. When We >> 1, the droplet evolution process is mainly 
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impact driven (i.e., the process is mainly driven by the impact pressure); when We << 1, the droplet 

evolution is mainly capillarity force driven [96].     

For a given pressing laser pulse energy in DP-LMS, the plasma peak pressure P can be 

calculated using the physics-based model. Then the velocity V of the approximately analogized 

process of a droplet impacting a solid surface can be estimated via the aforementioned relation 

𝑃 ≈ 𝜌𝐶𝑠𝑉 [98-100], where the molten cobalt speed of sound is taken from [101]. Then the Weber 

number can be calculated using Eq.(5), where the surface tension of molten cobalt at the melting 

point from [102] is employed, and the droplet diameter is used for L and assumed to be 10 μm. 

The assumed value of the droplet diameter is estimated based on the order of magnitude of the 

typical diameters of balls in the optical microscopic image of the region sintered by SP-LMS in 

Fig.9b. In this way, the Weber number of the analogized droplet impact process can be calculated 

for DP-LMS with various pressing pulse energies, and is plotted in Fig.13.  

Figure 13 shows that under the studied conditions the Weber number is on the order of 

magnitude close to ~1, implying that both the pressure impact and the molten material surface 

tension play noticeable roles in the melt droplet evolution. According to the physical implication 

of Weber number, when it is much less than 1, the surface tension has a more significant effect 

than the pressure impact on the melt droplet evolution [96] and obvious balling in the sintering 

result is expected. This is consistent with Fig. 13, showing that with a pressing pulse of ~0.089 

mJ, We  is less than 0.3, and the micrograph of the sintered region shows obvious balling. As 

Weber number increases, according to its physical implication, the effect of the pressure impact 

increases. Figure 13 shows that the DP-LMS result does not show significant balling when We 

exceeds ~1. Hence, under the studied particular conditions, Figure 13 suggest that in DP-LMS the 

minimum plasma-induced pressure required to effectively suppress balling for a good sintering 
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quality is approximately the pressure making the Weber number exceed ~1 for the approximately 

analogized process of a droplet impacting a solid surface.    

The DP-LMS results in Figs.9, 11 and 13 are for a simple situation of sintering 3 × 3 points 

with a stationary laser spot for each point. Such a simple situation is chosen to facilitate the 

discussion using the model. Refs. [13] and [15] report the authors’ previous experimental studies 

on single-track and multiple-track DP-LMS, respectively, and have scanning electron microscopic 

(SEM) images of material sintered by DP-LMS in comparison with that by SP-LMS.     

 

Figure 13. The Weber number of the approximately analogized droplet impact process for DP-

LMS using various pressing laser pulse energies (the Weber number is calculated based on the 

model-predicted total pressure at r = 0 for t = 6 ns, at or near which the total pressure at r = 0 

approximately reaches the peak value in time).   

 

The “Pressing Pulse Stage Module” is based on the surface evaporation mechanism, whose 

validity requires the peak temperature of the powder bed surface to be lower than the 

thermodynamic critical temperature of cobalt (which is ~10,384 K [103]). The simulations under 

the studied conditions show that this condition has been satisfied.    
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4.4 The Effect of Sintering Pulses on Plasma Evolution 

Although the plasma in DP-LMS is generated by the pressing pulse, the preceding sintering 

pulses in the same pulse group may also affect the plasma evolution by two mechanisms: (1) 

elevating the powder bed temperature and (2) changing the ambient air condition when the 

pressing pulse arrives.  

Mechanism (1) is very easy to understand, while Mechanism (2) is demonstrated in Fig. 

14, showing the model-predicted temperature and density contour plots of air right before the 

“pressing laser pulse” arrives. The “sintering laser pulses” heat the powder in the surface layer of 

the powder bed, which then heats the air in the pores of the powder bed and the air above the 

powder bed surface. The hot air expands, causing a high-temperature and low-density air zone 

above the laser spot center on the powder bed as shown in Fig.14. The reduced air density will 

affect the subsequent evolution of the plasma generated by the pressing laser pulse.  

             
Figure 14. The model-predicted air temperature and density distributions above the laser-

irradiated location of the powder bed surface right before the pressing laser pulse arrives (each 

plot corresponds to an actual domain of 300 μm × 300 μm, excluding the powder bed- ambient 

air interface).     
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In DP-LMS, the major purpose of the “pressing laser pulse” is typically to produce plasma 

to generate high pressure on the surface of the powder bed in order to promote melt flow, and thus 

to alleviate balling and improve densification for the sintered material. Hence, the laser-induced 

pressure at the powder surface critically influences the laser sintering result.  Figure 15a and b 

show the pressure history at two points of the powder bed surface (the r = 0 and r = 20 μm points) 

for the “double pulse” (i.e., DP-LMS) and “pressing-pulse-only” situations, respectively. In the 

DP-LMS situation, the powder bed is irradiated by 10 sintering pulses followed by 1 pressing 

pulse, while in the “pressing-pulse-only” situation, the powder bed is only irradiated by 1 pressing 

pulse. In each situation, the time t = 0 for Fig. 15 is defined as the moment of the pressing pulse’s 

arrival. Figure 15 shows that the peak pressures in time at r = 0 and 20 μm for the DP-LMS 

situation are obviously higher than those for the “pressing-pulse-only” situation.  

 

    

(a)                                                                     (b)  

Figure 15. The model-predicted total pressure exerted on the surface of the condensed 

phase of the powder bed for the situations of (a) DP-LMS (i.e., 10 sintering pulses followed by 1 

pressing pulse) and (b) only using one pressing pulse.  
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Figure 16 shows the accumulated evaporation mass from the powder bed surface for the 

DP-LMS and the pressing-pulse-only situations. The arrival of the pressing pulse is still defined 

as t = 0 for the figure. In both situations, the accumulated mass first quickly increases with time 

and then saturates, with the saturation occurring earlier for the pressing-pulse-only situation. The 

accumulated evaporation mass for the DP-LMS situation is obviously larger than that for the 

pressing-pulse-only situation. In the former situation, the evaporated mass exceeds 1.1×10-12 kg 

by t = 20 ns, while in the latter situation, the evaporated mass is only slightly larger than 0.8×10-

12 kg by t = 15 ns.  

Compared with the pressing-pulse-only situation, the higher powder bed surface pressure 

and larger amount of evaporated mass for DP-LMS shown in Figs.15 and 16 are mainly due to 

Mechanism (1) mentioned earlier. Mechanism (1) is found to play the major role here, because the 

simulation considering only Mechanism (1) without Mechanism (2) gives results on the pressure 

and accumulated evaporation mass very similar to those for DP-LMS in Figs.15 and 16.   

 

Figure 16. The accumulated evaporation mass from the powder bed surface predicted by the 

model for the situations of DP-LMS and only using one pressing pulse.  
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Figure 17 shows the model-predicted pressure and velocity distributions in z direction at r 

= 0 for t = 6 and 10 ns in the gaseous phase for the situations of DP-LMS and only using the 

pressing pulse.  The first row of the figure shows the pressure distributions. It can be seen that at t 

= 6 ns and 10 ns, the pressures near z = 0 (the powder bed surface) are obviously higher for the 

DP-LMS situation than those for the pressing-pulse-only situation. The front of the elevated 

pressure also propagates faster in the former situation than the latter situation.  The second row of 

Fig. 17 shows the z-direction velocity (Uz) distribution. The values of Uz near z = 0 at t = 6 ns and 

10 ns for the DP-LMS situation are close to those for the pressing-pulse-only situation at t = 6 ns 

and 10 ns, respectively. However, the spatially peak values of Uz along the line of r = 0 at t = 6 ns 

and 10 ns for the DP-LMS situation are obviously larger than those for the pressing-pulse-only 

situation at t = 6 ns and 10 ns, respectively. The front of the elevated velocity propagates faster in 

the former situation than the latter situation.  

Based on the simulation for DP-LMS considering both Mechanisms (1) and (2) and the 

simulation for DP-LMS only considering Mechanism (1) without Mechanism (2), it has been 

found that the higher pressure near z = 0 for DP-LMS in Fig.17 is mainly due to Mechanism (1). 

On the other hand, both Mechanisms (1) and (2) play a role in the faster propagation of the fronts 

of the elevated pressure and velocity and in the higher spatial peak values of Uz for DP-LMS.  
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Figure 17. The model-predicted pressure and z-direction velocity (Uz) distributions along z at r = 

0 in the gaseous phase for the DP-LMS and pressing-pulse-only situations. 
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In DP-LMS, whether or not the plasma-induced pressure on the powder bed surface can 

effectively suppress balling depends on the relative significance of the pressure compared with the 

surface tension of the molten metal, which can be analyzed based on the Weber number as shown 

earlier. Figure 18 compares the Webber numbers calculated based on the model-predicted 

pressures for the DP-LMS and pressing-pulse-only situations. Figure 18 shows that with different 

pressing pulse energies, the Weber number calculated for the DP-LMS situation is much larger 

than that for the pressing-pulse-only situation. The comparison suggests that the “sintering laser 

pulses” in DP-LMS can have an obvious effect on the plasma, and such an effect needs to be 

considered in modeling the plasma to simulate its evolution more accurately, particularly for 

purpose of analyzing the effect of the plasma on the sintering result via the Weber number.      

 

Figure 18. The Weber numbers calculated based on the model-predicted total pressures exerted 

on the powder bed surface at r = 0 and t = 6 ns (at or near which the pressure at r = 0 

approximately reaches the peak value in time) for the DP-LMS and pressing-pulse-only 

situations for different pressing pulse energies. 
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Some additional information is given in the “Supplemental Material” file, including (but 

not necessarily limited to) additional details for the model, the discussions on simplified 

assumptions, the justification of using one-temperature gas dynamic equations for the “Pressing 

Pulse Stage Module” and the justification of the model-experiment comparison in Fig.8 based on 

the neutral particle collision time [69, 77, 104, 105, ], the electron-heavy particle energy relaxation 

time [69, 77] and the McWhirter’s criterion [34, 37, 38, 106].  Finally, it should be noted that there 

is certainly room for the improvement of the model in this paper, which is based on some simplified 

assumptions intended to get an acceptable computational cost.  

 

5. Conclusions  

This paper has reported an experiment-model integrative study, combining time-resolved 

imaging and OES measurements with physics-based modeling, for plasma induced during DP-

LMS, a novel laser micro sintering process proposed previously [14]. The plasma top front 

propagation and temperature obtained from the measurements are compared with those predicted 

by the model for its verification. The tested model is then used to further analyze the effect of the 

plasma-induced pressure on the sintering quality of DP-LMS and the effect of the sintering pulses 

on the plasma. For the related conditions that have been investigated in this paper, the major 

discoveries are summarized below: 

(1) Although some model-experiment deviations do exist, the overall model-experiment 

agreements for the plasma top front propagation and temperature are still within an acceptable 

range for the major purpose of this study.  
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(2) Both the in-situ image of the powder bed surface in DP-LMS and the post-process optical 

micrograph of the sintered region show that the plasma-induced pressure, if high enough, can 

suppress balling and increase densification in the sintered material.  

(3) The Weber number for the analogized process of a droplet impacting a solid surface can be 

utilized to analyze the effect of the plasma-induced pressure on the sintering quality in DP-

LMS. Under the studied conditions, the minimum pressure required to effectively suppress 

balling for a good sintering quality is approximately the pressure making the Weber number 

exceed ~1.    

(4) In DP-LMS, the “sintering pulses” can affect the evolution of the plasma induced by the 

following “pressing pulse” by (i) elevating the powder bed temperature and (ii) creating a hot, 

low-density air region above the laser spot center on the surface of the powder bed when the 

pressing laser pulse arrives. The effect of the “sintering pulses” can obviously increase the 

plasma-induced pressure on the powder bed surface that plays a key role in the sintering 

quality.    
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Supplemental Material  

This document contains some supplemental material for this paper, which is given here to 

avoid making the main body of the paper excessively long. The references cited in this document 

are given in the list of references for the main body of the paper.  

 

1. Some Additional Information about the Model  

1.1 The “Powder Bed Module in the Sintering Pulse Stage” 

The computational domain of this module is the region with r = 0 to 160 μm and z = 0 to 

~(-220) μm. The r-diction mesh size is uniform with Δr = 0.5 μm. The z-direction mesh size is 

non-uniform with the minimum Δz = 138 nm at the powder bed surface. The value of Δz becomes 

larger with a constant expansion ratio of 1.05 as it goes from z = 0 to z = ~(-220) μm. It is assumed 

that the powder bed’s initial temperature is uniform and equal to 300 K at t = 0.  

Based on the model-calculated peak temperature of the powder bed surface during the 

entire sintering pulse stage (t = 0 to 365 μs) and the Hertz-Knudsen equation [7, 44, 51-53], a peak 

surface evaporation velocity is obtained. Assuming the peak evaporation velocity for the entire 

sintering pulse stage, the thickness of evaporated powder bed material is less than ~0.2 nm. This 

is a negligibly small value. Hence, although the evaporation-induced energy loss from the surface 

is considered in solving Eq.(2), the induced mass exchange between the powder bed and the 

ambient gas phase (as well as the energy carried by the vapor into the ambient gas) is neglected in 

the sintering pulse stage. 

A simulation with the module was performed by adding the surface heat loss due to thermal 

radiation: 𝜎(𝑇𝑠
4 − 𝑇𝑎

4), where 𝑇𝑎 represents the ambient temperature assumed to be 300 K and σ 

denotes the Stefan–Boltzmann constant. The emissivity is assumed to be 1 to get the upper limit 
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of the heat loss. The mode-predicted peak temperatures of the powder bed surface during the entire 

sintering pulse stage with and without considering the thermal radiation differ by less than ~0.02 

K. Hence, the surface heat loss due to thermal radiation is neglected in this module.  

The powder-air heat transfer (including the convection heat loss of the powder bed surface 

to the air) is expected to have a small effect on the powder temperature history because cobalt has 

a much larger heat capacity per unit volume than air. At 1 atm and the room temperature, the 

cobalt-air volumetric heat capacity ratio is on the order of ~3200:1 [16, 33, 68-70]. At t = 365 μs 

(the end of the sintering pulse stage), in the entire computational domain the increase of the total 

internal energy of the air compared with the air at t = 0 can be called ∆𝐸𝑎𝑖𝑟, which is mainly due 

to the powder-air heat transfer (the kinetic energy of air is negligibly small compared with its 

internal energy and hence not considered). Similarly, the increase of the total internal energy of 

the cobalt powder is called ∆𝐸𝑝𝑜𝑤𝑑𝑒𝑟. Based on the simulation result with the model, ∆𝐸𝑎𝑖𝑟 is only 

~2% of ∆𝐸𝑝𝑜𝑤𝑑𝑒𝑟. Thus, the powder-air heat transfer is expected to have a small overall effect on 

the powder temperature history and is neglected in the calculation in the “Powder Bed Module in 

the Sintering Pulse Stage”.  

1.2 The “Air Module in the Sintering Pulse Stage” 

As shown in the authors’ previous experimental study in Ref. [13], the sintered material 

using only the ~200-ns sintering pulses is still highly porous. Hence, in the “Powder Bed Module 

in the Sintering Pulse Stage”, similar to the authors’ previous paper [7], it is assumed that upon 

powder full melting the porosity changes from its initial value 𝜀𝑝,𝑠 to a new value 𝜀𝑝,𝑙, such that 

the effective density of the powder-bed medium remains the same, i.e., 𝜌𝑠(1 − 𝜀𝑝,𝑠) =

𝜌𝑙(1 − 𝜀𝑝,𝑙), where 𝜌𝑠 and 𝜌𝑙 are the bulk densities of the solid and liquid cobalt, respectively. 

Because  𝜌𝑠 and 𝜌𝑙 are reasonably close [16], 𝜀𝑝,𝑠 and 𝜀𝑝,𝑙 are close, too. In the “Air Module in the 
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Sintering Pulse Stage”, as a reasonable simplification, a constant porosity of 0.69 is used in solving 

the continuity and momentum equations for the air flow in the porous powder bed medium. As 

detailed in the authors’ previous paper [7], to account for the initial solid particle agglomeration, 

an effective particle diameter of 2.56 μm has been used in both the “Powder Bed Module in the 

Sintering Pulse Stage” and the “Air Module in the Sintering Pulse Stage”.  

In Eq.(3b) of the paper (i.e., the momentum equation for the air in the pores of the powder 

bed), 𝐹 𝑑  is the volumetric force on the air due to the powder particles, given by [66]:    

                     𝐹 𝑑 = −𝜀𝑝
𝜇

𝐾𝑝
𝑢⃗               (s.1)  

except that the component of  𝐹 𝑑 in z direction, 𝐹𝑧, is given by:  

     𝐹𝑧 =  −𝜀𝑝
𝜇

𝐾𝑝
𝑢𝑧,      if   𝑢𝑧 ≤ 0                     (s.2.1) 

                    𝐹𝑧 = −𝑚𝑖𝑛𝑖𝑚𝑢𝑚 [𝜀𝑝
𝜇

𝐾𝑝
𝑢𝑧 , 𝜌𝑐𝑜𝑔(1 − 𝜀𝑝)], if   𝑢𝑧 >  0      (s.2.2) 

where μ is the air viscosity, 𝜌𝑐𝑜is the bulk cobalt density, 𝑔 is the gravitational acceleration, and 

𝐾𝑝is the permeability given by [66]:   

                                   𝐾𝑝 =
𝑑2

180

𝜀𝑝
3

(1−𝜀𝑝)2
             (s.2.3) 

where d is the average powder particle diameter. For Eq. (s.2.2), it has been roughly assumed that 

the maximum force exerted by the powder particle on the air in the –z direction does not exceed 

the gravity force of the powder.  

In the “Air Module in the Sintering Pulse Stage”, the mass, momentum and energy 

conservation equations are solved for the ambient air region above the powder bed surface. The 

mass and momentum equations solved are the same as Eqs.(3a) and (3b), except that the porosity 

is 1. The energy conservation equation is given by [70, 74]:  
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𝜕𝜌ℎ

𝜕𝑡
−

𝜕𝑃

𝜕𝑡
+ ∇ ∙ (𝜌ℎ𝑣 ) = ∇ ∙ (𝑘∇T) + ρ𝑔 ∙ 𝑣 + ∇ ∙ (𝜏̃ ∙ 𝑣 )                  (s.3) 

where ℎ is the air enthalpy per unit mass, T denotes the temperature, and k represents the thermal 

conductivity.  

In the energy equation, the air kinetic energy per unit volume is neglected because it is 

typically much smaller than the air internal energy per unit volume under the studied condition. 

Based on the simulation result with the “Air Module in the Sintering Pulse Stage”, at t = 365 μs 

(the end of the sintering pulse stage) most of the air (representing 98.3% of the total air mass in 

the entire computational domain) is at temperatures below 350 K. Hot air above 500 K and 1000 

K only represents 0.18% and 0.0083% of the total air mass, respectively. The air specific heat 𝐶𝑝 

changes slowly with temperature [68], and thus in this module 𝐶𝑝 is assumed to be constant and 

equal to 3.5R (i.e., 1004 J/kg·K), the value for a perfect diatomic gas, where R is the specific gas 

constant for air [68-70].     

The computational domain of the “Air Module in the Sintering Pulse Stage” has two 

portions. The portion in the powder bed has the same size as the domain of the “Powder Bed 

Module in the Sintering Stage”, while the portion above the powder bed surface is the domain 

within r = 0 to ~241 μm and z = 0 to ~561 μm in the radial and axial directions, respectively. In 

the powder-bed portion of the domain, the z-direction mesh size (Δz) is ~0.281 μm near the powder 

bed surface at z = 0. As the mesh location goes away from the surface, the mesh size gradually 

expands with a size ratio of ~1.145 between adjacent mesh cells. The r-direction mesh size (Δr) is 

~1.346 μm near r = 0 and expands with r with a size ratio of ~1.0826. In the domain portion above 

the powder bed, Δz is ~0.289 μm near z = 0 and expands with z with a ratio of ~1.1142. The size 

of Δr is the same as that for the powder-bed domain in the range of r = 0 to 160 μm, while Δr = 

~16.225 μm in the range of r = 160 to ~241 μm.         



55 
 

The governing equations are solved numerically using a modified buoyantPimpleFoam 

solver based on the PIMPLE algorithm in OpenFOAM [56, 59]. The discretization of convection 

terms is via the 2nd-order linear-limited scheme and diffusion terms via the 2nd-order central 

difference scheme while the time advancement is achieved by employing the Crank-Nicolson 

implicit method [55, 56]. A variable Δt is used in the simulation such that at each numerical time 

step the Courant number in the computational domain does not exceed 0.1.  

      Simulations were performed using the “Air Module in the Sintering Pulse Stage” with the 

turbulent model option turned on in OpenFOAM (the 𝑘 − 𝜔 SST and 𝑘 − 𝜀 turbulence models 

with the default turbulence model parameters given in OpenFOAM were used). The simulation 

results at t = 365 μs do not have any obvious difference from that without considering turbulence. 

For example, the curves for the temperature of air versus z at r = 0 for the region above the powder 

bed surface almost completely overlap with or without considering turbulence. Hence, for the 

result given in this paper, turbulence is not considered.    

 

1.3 The “Pressing Pulse Stage Module”  

In this module, the thermal conductivity of the powder bed medium used is determined in 

a way similar to that for the “Powder Bed Module in the Sintering Pulse Stage”. One exception is 

that for the powder bed surface layer within the depth equal to the particle effective diameter, the 

z-direction (i.e., the depth-direction) conductivity is assumed to be the same as that for the bulk 

cobalt. This is because the pressing laser pulse has a very short duration and can cause a very high 

temperature gradient in a very thin surface layer (with a thickness smaller than the particle effective 

diameter dp). The heat conduction in z direction within such a thin layer is expected to be similar 

to that in the bulk cobalt because the inter-particle boundary is not involved yet. In this case, it is 
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expected to be more accurate to use the bulk cobalt thermal conductivity to calculate the z-direction 

heat conduction in the surface layer within the depth of dp.          

The equation of state (EOS) table for the ionized cobalt vapor is established by solving the 

Saha equation to get free electron and ion number densities (and then the pressure as well as 

internal energy per unit volume) for each T-ρ pair in the EOS table [69, 75]. For the other gaseous 

region, the ideal gas EOS is utilized in the model calculation. The possible laser beam absorption 

(the last term on Eq.(4e)’s right side) by the gaseous material is assumed to be mainly due to the 

electron-ion inverse bremsstrahlung process and calculated accordingly based on the gas 

temperature, free electron and ion densities [76]. The thermal conductivity in the vapor region is 

calculated based on the vapor free electron density and temperature [77]. 

For this module, the numerical solution procedure is similar to that in Ref. [44]. Once 

surface evaporation starts, in each numerical time step, the solution of the heat transfer equation 

provides the updated powder-bed surface temperature Tsuf, based on which the corresponding 

saturation vapor pressure Ps at this temperature can be calculated using the Clausius–Clapeyron 

equation [44, 52]. The solution of the gas dynamic equations provides the pressure P right above 

the Knudsen layer (KL). Based on the pressure ratio P/Ps and the KL relations [44, 51, 52, 72, 81-

84], the vapor temperature, density and z-direction velocity right above the KL can be determined, 

from which the evaporation flux can be calculated. Based on the evaporation flux the vaporization 

velocity 𝑉𝑣𝑎𝑝 for the heat transfer equation of the powder bed is calculated. Then, the same 

procedure repeats for the next time step. The gas dynamic equations are solved numerically using 

the explicit ENO method [85].     

A uniform mesh is used in the gaseous phase region with Δr = Δz = 0.5 μm. The 

computational domain for the gaseous phase in the “Pressing Pulse Stage Module” is the region 
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with r = 0 to 160 μm and z = 0 to 310 μm. The computational domain for the powder bed is the 

region with r = 0 to 160 μm and z = 0 to ~(-215) μm. A uniform mesh size is used in the r-direction 

with Δr = 0.5 μm. The mesh size in the z direction has the smallest value at the powder bed surface 

(Δz = 30 nm), and then increases with a constant ratio of 1.1 between neighboring numerical cells 

as it goes from the powder bed surface to the domain bottom boundary.  

 

2. Justification of the Use of One-temperature Gas Dynamic Equations in the “Pressing 

Pulse Stage Module”  

The internal energy of the ionized cobalt vapor includes: (i) the kinetic energy of heavy 

particles (atoms and ions), (ii) the kinetic energy of free electrons, and (iii) the potential energy 

related to the generation of the free electrons (i.e., the ionization of neutral particles) [69]. In the 

Equation of State (EOS) utilized for cobalt in the model, all the three energy components are 

considered.  

The ionization degree of the cobalt vapor modeled in this study is typically very low. It has 

been found that if the cobalt vapor ionization is neglected and only the ideal gas EOS is used (i.e., 

only the heavy particles’ kinetic energy is considered in the internal energy), the simulation result 

in the “Pressing Pulse Stage Module” for the plasma plume evolution does not change very 

significantly for the conditions studied. For example, compared with the simulation result 

neglecting the cobalt vapor ionization, in the simulation result considering the cobalt vapor 

ionization: (1) the temporally peak total pressure exerted on the powder bed surface at r = 0 differs 

by less than 0.1%; (2) the gas temperature distribution along z at r = 0 and t = 6 ns is very close, 

except a very thin layer of less than ~1 μm around the peak temperature location, where the peak 

temperature differs by ~26%; and (3) the gas temperature distribution along z at r = 0 and t = 10 
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ns is very close for the entire gas domain. That means overall the kinetic energy of heavy particles 

dominates over the other energy components (ii) to (iii), and the evolution of heavy particles plays 

the major role in the plasma evolution in this study.  

Therefore, regardless of whether or not the electrons and heavy particles have the same 

temperature, the one-temperature gas dynamic equations used in the model can provide a 

reasonably good description of the gas dynamic process as long as the kinetic energies of the heavy 

particles follow a Maxwell velocity distribution [69, 77] such that their temperatures can be 

meaningfully defined. Whether or not this condition is satisfied can be checked based on the 

neutral particle collision time (i.e., the duration between successive neutral particle collisions) 𝜏𝑛𝑛, 

which can be estimated as [104]:     

𝜏𝑛𝑛 =
1

√2𝑛𝑎𝜎𝑉𝑡ℎ
                  (s.4) 

where 𝑛𝑎 is the number density of neutral atoms or molecules, 𝜎 is the collision cross section 

(although the authors did not find an exact value for the cobalt atom, 𝜎 for many atoms is often on 

the order of 10-15 to 10-14 cm2 [77, 104, 105]. The value of 10-15 cm2 is used to estimate a relatively 

large value for 𝜏𝑛𝑛.), and 𝑉𝑡ℎ is the mean thermal speed [104]:  

   𝑉𝑡ℎ = √
8𝑘𝑏𝑇

𝜋𝑚
                  (s.5) 

Where T is temperature, m is the mass of the atom or molecule and 𝑘𝑏 is the Boltzmann constant. 

Based on the calculations using the model and Eqs. (s.4) and (s.5), at t = 35 ns, 55 ns and 75, 𝜏𝑛𝑛 

for most spatial points within the plume is typically smaller than ~1 ns, a few ns and 10 ns, 

respectively. Therefore, for the simulated time range, 𝜏𝑛𝑛 for most spatial points in the plume 

(where the plume front is defined as the temperature-jump location) is typically much smaller than 

the simulated time scale. If neutral-ion and ion-ion collisions are also considered, then the overall 
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collisional time among heavy particles will be even shorter. Hence, overall the temperature of 

heavy particles can be reasonably meaningfully defined and the gas dynamic equations solved in 

the “Pressing Pulse Stage Module” is expected to provide a reasonably good description of the gas 

dynamic process. The model-predicted temperatures can reasonably reflect the heavy particles’ 

temperature Tp.   

3. Additional Information about the Model-Experiment Comparison on Temperature 

Figure 8 of the paper shows the model-predicted plasma temperature evolution with time, 

in comparison with the experimentally deduced temperature. In the OES measurement, the ICCD 

gate is open from t = 35 to 75 ns, represented by the time error bar in Fig.8. In the experiment, it 

is expected that the optical emission is collected from the entire plasma region, and thus the 

deduced temperature is for the cobalt vapor in the whole plasma plume. It can be very roughly 

understood as the weighted spatially average temperature of the plasma, with the weight being the 

plasma optical emission intensity at each spatial point (r, z) for the spectral lines utilized in the 

Boltzmann plot to deduce the temperature. Under the optically thin and local thermodynamic 

equilibrium (LTE) assumption, the optical emission intensity for the six spectral line peaks used 

in the Boltzmann plot is approximately proportional to 𝑛𝑎(𝑟, 𝑧)∑ 𝑔𝑚𝐴𝑚𝑛𝑒
−𝐸𝑚/(𝑘𝑏𝑇(𝑟,𝑧))/𝜆𝑚𝑛

6
𝑚=1  

[34, 35], where 𝑇(𝑟, 𝑧) and 𝑛𝑎(𝑟, 𝑧) are the temperature and the cobalt neutral atom number 

density at (r, z), respectively, 𝑔𝑚 and 𝐸𝑚 are the upper level’s statistical weight and energy for 

each of the six spectral lines used in the Boltzmann plot, 𝜆𝑚𝑛 is the photon wavelength for the m-

n transition, and 𝐴𝑚𝑛 is the corresponding transition probability. To make the model-experiment 

comparison meaningful, in Fig.8 the model-predicted plasma temperature plotted is the weighted 

spatial average of the model-predicted cobalt vapor temperature with the weight at each spatial 

point equal to  𝑛𝑎(𝑟, 𝑧)∑ 𝑔𝑚𝐴𝑚𝑛𝑒
−𝐸𝑚/(𝑘𝑏𝑇(𝑟,𝑧))/𝜆𝑚𝑛

6
𝑚=1 .  
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In Fig. 8 of the paper, the measured excitation temperature of cobalt neural atoms in the 

plasma, Texc, is deduced from the OES signal measured with the ICCD gate opening from t = 35 

ns to 75 ns. It can be roughly treated as the average excitation temperature in the 40 ns period from 

t = 35 ns to 75s. In Fig.8, the excitation temperature Texc is compared with the model-predicted 

temperature (which is close to Tp as introduced in Section 2 of this document). Next, it will be 

shown that the comparison of the measured Texc with the model-predicted Tp, although very 

approximately, is still meaningful.        

  The time scale 𝜏𝑒𝑝 for the energy exchange between electrons and cobalt heavy particles 

(cobalt atoms and ions) can be estimated based on the following relation [69]:  

                                  
1

𝜏𝑒𝑝
=

1

𝜏𝑒𝑖
+

1

𝜏𝑒𝑎
                                 (s.6) 

where 𝜏𝑒𝑖 and 𝜏𝑒𝑎 are the electron-ion and electron-neutral atom energy relaxation time given by 

[69, 77]:  

𝜏𝑒𝑖 = 3.5 × 108𝐴𝑇𝑒𝑣
1.5/ [𝑛𝑖𝑧

2𝑙𝑛 (
12𝜋

𝑧𝑒3
√

𝜀0
3𝑘𝑏

3𝑇3

𝑛𝑒
)]              (s.7) 

                                𝜏𝑒𝑎 =
𝑚

2𝑛𝑎𝑉𝑒𝜎𝑒𝑙𝑎𝑠𝑡𝑚𝑒
                            (s.8) 

where 𝐴 is the ion’s atomic weight, Tev is the electron temperature in the unit of eV, T is the electron 

temperature in the unit of K, 𝑛𝑖 denotes the ion number density (cm-3), z is the ion charge number, 

e is the electron charge, 𝜀0 is the vacuum permittivity, 𝑘𝑏 is the Boltzmann constant, 𝑛𝑒 is the 

electron number density (m-3), 𝑚 and 𝑚𝑒 are the atom and electron masses, respectively, 𝑛𝑎 

denotes the neutral atom number density (m-3), 𝑉𝑒 is the electron average thermal speed, and 𝜎𝑒𝑙𝑎𝑠𝑡 

is the cross section for the electron-neutral atom elastic collision. In this study, the plasma 

ionization degree from the simulation is very low and Co+ is the dominant type of ions in the vapor. 

Hence, it can be approximately assumed that z = 1 and 𝑛𝑖 = 𝑛𝑒. The authors did not find the exact 
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value of 𝜎𝑒𝑙𝑎𝑠𝑡 for cobalt, but 𝜎𝑒𝑙𝑎𝑠𝑡 is often on the order of ~10-15 to 10-14 cm2 in metals [77] (10-

15 cm2 is used in the calculation below to estimate a relatively large value for 𝜏𝑒𝑎). The electron 

average thermal speed is given by [69]:  

                                      𝑉𝑒 = √
8𝑘𝑏𝑇

𝜋𝑚𝑒
                                    (s.9) 

 Using the model-predicted spatially average temperature and electron density for cobalt 

vapor as well as the neutral cobalt atom density deduced from EOS based on the temperature and 

electron density, from Eqs. (s.6) to (s.9), the value of  𝜏𝑒𝑝 is estimated to be ~12 ns, ~23 ns and 

~38 ns at t = 35, 55 and 75 ns, respectively. In the calculation, at each moment the model-predicted 

vapor temperature in Fig.8 (which is the weighted average in space as introduced earlier in this 

document) is used for the electron temperature in Eqs.(s.7) and (s.9), while the model-predicted 

free electron density (averaged in space in a way similar to that for the temperature) is used for the 

electron density in Eq. (s.7).  

It can be seen that 𝜏𝑒𝑝 is still smaller than the 40 ns gate width of the ICCD for the OES 

measurement in the time range of t = 35 to 75 ns. Hence, the temporally averaged temperatures of 

electrons and heavy particles for the 40-ns period from t = 35 to 75 ns should be reasonably close 

(𝑇𝑒 ≈ 𝑇𝑝).  

Using the model-predicted temperature and free electron density for cobalt vapor (the 

weighted average values in space as introduced earlier) and the spectroscopic data given in Table 

1 of the paper, the following McWhirter’s criterion [34, 37, 38] is found to be satisfied for t = 35 

to 75 ns:  

                           𝑛𝑒 ≥ 1.6 × 1012𝑇0.5(∆𝐸)3                 (s.10) 

where 𝑛𝑒 is the free electron number density in the unit of cm-3, T denotes the temperature in the 

unit of K, and ∆𝐸 denotes the largest energy transition involved (in the unit of eV). The satisfaction 
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of the McWhirter’s criterion provides supporting evidence that the collisional excitation process 

for cobalt neutral atoms dominates over the radiative de-excitation process [106] for the energy 

levels listed in Table 1. The collisional excitation process for cobalt neutral atoms involves 

collisions of the atoms with electrons and/or heavy particles. It has been shown earlier that 𝑇𝑒 ≈

𝑇𝑝 for the average temperature from t = 35 to 75 ns. Therefore, the average excitation temperature 

of the cobalt atoms in this period deduced from OES is likely to be reasonably close to the 

temperatures of electrons and heavy particles, i.e., 𝑇𝑒𝑥𝑐 ≈ 𝑇𝑒 ≈ 𝑇𝑝.  Therefore, the comparison of 

the measured Texc with the model-predicted Tp in Fig.8 of the paper is meaningful.        

 

4. Further Discussions on Some Simplified Assumptions in the Model  

The model in this paper is based on some simplifications intended to get an affordable 

computational cost. There is certainly room to improve the model by removing the simplifications, 

but such an improvement might also cause a very high or even unacceptable computational cost.   

For example, the molten metal flow in the powder bed has not been considered in the 

model. The model simulated the plasma evolution induced by one laser pulse group comprising 

10 “sintering laser pulses” followed by 1 “pressing laser pulse”. The entire simulated duration is 

not very long (< 366 μs). It is expected that the melt flow during such a short period will not 

significantly affect the simulated plasma evolution. The plasma is generated by the ~4-ns pressing 

laser pulse and the plasma evolution well within 100 ns of its generation is simulated. The effect 

of melt flow within the 100 ns is expected to be small. The ten ~200-ns sintering pulses before the 

pressing pulse span a longer duration, but their effects on the plasma are indirect and less 

significant than the pressing pulse. Neglecting melt flow is a limit of the model. It will improve 

the model if the melt flow is considered. However, that might involve the simulation of the flow 
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of numerous small melted particles (droplets) and an extremely high (or even unaffordable) 

computational cost due to the very small size and thus large number of the particles involved in 

this study. 

In the “Powder Bed Module in the Sintering Pulse Stage” of the model, the absorption of 

the ten ~200-ns sintering pulses in the powder bed is calculated using the analytical model from 

Ref. [50], which was developed based on the radiation transfer equation (RTE) considering the 

scattering (including multiple reflections) effect based on geometrical optics. Ref. [50] shows that 

the prediction from the analytical model can agree reasonably well with a ray tracing simulation 

for a powder bed with a thickness of several hundred micrometers. The analytical model in Ref. 

[50] did not consider the diffraction effect. As mentioned in Ref. [50], the geometrical optics 

approximation is applicable when 𝜋𝐷𝑝 ≥ 5𝜆, where 𝐷𝑝 is the particle diameter and 𝜆 denotes the 

laser wavelength. This condition is satisfied in this study according to the utilized laser wavelength 

and the effective particle diameter (the latter is given in Section 1.2 of this document). 

In the “Powder Bed Module in the Sintering Pulse Stage” of the model, for solid powder 

that has not melted yet it is roughly assumed that the effective thermal conductivity 𝑘𝑒𝑓𝑓 is 3% of 

the bulk cobalt conductivity 𝑘𝑐𝑜. The value of 3% is estimated based on the information in Ref. 

[46], which reports a computational modeling study of metal powder thermal conductivity. When 

the medium is in the molten state (or re-solidified after melting), it is assumed 𝑘𝑒𝑓𝑓 =

𝑘𝑐𝑜(1 − 𝜑) + 𝑘𝑎𝑖𝑟𝜑 [49], where 𝑘𝑎𝑖𝑟 is the air thermal conductivity. The melted powder 

conductivity calculated in this way is much larger than 3% of the bulk metal conductivity. Hence, 

the model has considered the increase of the effective conductivity of the powder material upon 

melting. The model will be improved if the continuous variation of the thermal conductivity as the 

particle coalition proceeds can be considered based on the dependence of the conductivity on the 
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sintering level. However, this might require the simulation of the evolution of individual particles, 

which could be computationally too expensive due to the small particle size and the large particle 

number involved.   

It should be noted that in the authors’ previous paper [7], the temperature evolution of a 

cobalt powder bed (with the same particle size as that in this paper) induced by ten ~200-ns laser 

pulses with a 40-μs inter-pulse separation was simulated by solving the heat transfer equation 

assuming the powder bed is a continuum medium. The model has simplifications similar to that in 

the “Powder Bed Module in the Sintering Pulse Stage” in this paper: it neglects the melt flow, uses 

the analytical model in Ref. [50] to simulate laser beam propagation and energy absorption in the 

powder bed, and assumes that the effective thermal conductivity of the solid powder bed medium 

is 3% of the bulk metal conductivity. The powder bed surface temperature predicted by the model 

in Ref. [7] shows an acceptable agreement with the measured temperature under the condition 

studied in Ref. [7]. The agreement provides supporting evidence that the aforementioned 

simplifications, although approximate, can still provide acceptable accuracy.  

 

5. Some Other Related Information  

In Fig.7 of the paper, the model-predicted plasma top front is assumed to be the temperature 

jump front in the gaseous phase at r = 0 from the simulation, while the measured plasma front is 

the visible top boundary of the plume shown in the ICCD image.     

The laser-induced radiation pressure exerted on perfectly absorbing and reflective surfaces 

are given by 𝐼/𝑐 and 2𝐼/𝑐 [94], respectively, where I is the laser intensity and c is speed of light. 

For I = 1 GW/cm2, the radiation pressure for a perfectly reflective surface is only ~0.67 atm. In 
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this study, laser intensity is much smaller than 1 GW/cm2 and thus the radiation pressure is 

insignificant and not considered in calculating the total pressure exerted on the powder bed surface.      

Typically, it is expected that solid crack formation due to the plasma-induced mechanical 

pressure should not be a big issue for DP-LMS of metal powders. In our previous studies reported 

in Refs. [12, 13, 15], we were not aware of obvious solid crack formation in the sintered material 

due to plasma-induced mechanical pressure under the studied conditions for DP-LMS with suitable 

parameters. Typically, when the pressing laser pulse arrives, the laser spot center on the powder 

bed surface is melted material. At a certain location away from the spot center on the powder bed 

surface, the material changes from melt to solid, but the plasma-induced pressure is also lower 

than the peak pressure at the spot center (see Fig.11 of the paper). “If” in a certain situation, the 

plasma-induced mechanical pressure causes cracks in the solid region, then it is still possible to 

reduce the pressing laser pulse intensity, such that the plasma-induced pressure is high enough to 

promote melt flow (to reduce balling and enhance densification for the re-solidified material) and 

meanwhile low enough to avoid cracks in the solid region surrounding the melt pool. Such a laser 

intensity is expected to exist because typically the pressure needed to promote melt flow should 

be lower than the pressure generating cracks in the surrounding solid region.    

Based on images taken by a camera, some random material spattering (which is likely 

associated with powder denudation) from the powder bed was ever observed for both the DP-LMS 

process and the sintering process using only the “sintering laser pulses”.  

This study has revealed the effect of the “sintering pulses” on the “pressing pulse”-induced 

plasma from a powder bed in DP-LMS. The studied situation is very different from the previous 

studies in Ref. [30-32] for multi-pulse laser-induced plasma and/or laser-plasma interactions for 

air or a bulk metal target. In this study, the “sintering pulses” do not generate a plasma plume and 
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do not induce obvious ablation or surface evaporation, and thus the “pressing pulse” does not 

interact with a pre-existing plasma plume.  In the studies in Refs. [30-32], each laser pulse 

participates in the generation of a plasma plume and/or interacts with a pre-existing plume induced 

by previous laser pulse(s).  

 

 

 


