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Abstract: Although continuous lasers see frequent applications in selective laser melting or 

sintering, lasers with short pulse durations (such as those with nanosecond scale durations) possess 

potential advantages that may include good spatial resolutions and small heat-affected zones. 

Previous work on selective laser sintering with nanosecond lasers has been reported, particularly 

for laser micro sintering. At a sufficiently high intensity, a nanosecond (ns) laser pulse can generate 

a plasma plume from its irradiated metallic powder bed surface. The plasma plume evolution, such 

as the pressure it generates on the surface of the powder bed, may significantly influence the 

sintering process in the powder bed. However, physics-based modeling work for plasma generated 

by nanosecond-pulsed laser interaction with a metallic micro powder bed has been seldomly seen 

in literatures according to the knowledge of the authors’. Such modeling work has been reported 

in this paper for a ~4-ns laser pulse interaction with a cobalt micro powder bed, integrated with 

time-resolved plasma imaging using an intensified CCD (ICCD) camera with nanosecond scale 

gate widths for the model validation. For the conditions investigated, the model-predicted plasma 

plume evolutions agree reasonably well with the ICCD imaging results for the given period of 

comparison. This has reasonably supported the hypothesis posed in this paper (which has been 

rarely tested according to the knowledge of the authors’) that a short ns laser pulse-induced plasma 

from a metallic micro powder bed below the critical temperature can be reasonably well described 

by solving gas dynamic equations in the gaseous phase together with solving the heat transfer 

equation in the powder bed condensed phase, where the coupling is via the Knudsen layer (KL) 

relations for vaporization at the interface between the two phases. The model calculations show 

that in comparison with the bulk cobalt situation, the ns laser pulse can induce more significant 

surface vaporization from the cobalt powder bed, leading to a plasma plume with typically higher 

peak temperatures and densities in the simulated period. The plume can generate a short total 

pressure pulse with a ~491-MPa peak magnitude on the surface of the powder bed.         

Keywords: selective laser melting, laser micro sintering, selective laser sintering   

1. Introduction  

Lasers are powerful tools for additive manufacturing. The layer-by-layer selective laser 

melting or sintering process (SLM or SLS) can rapidly produce parts with complicated shapes and 
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various compositions [1, 2], and have many current or potential industrial applications [3]. In SLS 

and SLM, continuous wave lasers are often employed [4, 5]. On the other hand, lasers with short 

pulse durations can also be used in SLS or SLM, which may possess potential advantages that may 

include good spatial resolutions and narrow heat affected regions. Studies on selective laser 

sintering with pulsed lasers have been reported, particularly for laser micro sintering (which is a 

process to produce micro scale features) [6, 7]. Out of lasers with different pulse durations, 

nanosecond lasers are often good choices for laser micro sintering, because they can have a strong 

overall competitiveness combining relatively low costs (typically much lower than picosecond and 

femtosecond lasers for getting the same average power), strong robustness, short pulse durations, 

and high achievable average and transient powers. Laser micro sintering work using nanosecond 

lasers has been reported in the literature, such as [6-9] (in this paper, for simplicity, the term “laser 

sintering” will be employed to represent all laser-generated powder coalition processes regardless 

of the extent of melting). The costs of nanosecond lasers have been decreasing, which are expected 

to see more and more potential applications in additive manufacturing.   

For nanosecond-pulsed laser sintering of a metallic powder, if the laser intensity is 

sufficiently large, then the laser irradiation could generate strong vaporization from the surface of 

the powder bed, forming a plasma plume, whose generation and evolution can greatly affect the 

laser sintering process. For example, due to the plasma, a high pressure pulse can be induced on 

the surface of the powder bed. This can help condense the powder bed [6], promote molten metal 

flow, decrease balling and/or increase densification of sintered material [8, 9]. Hence, it is very 
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important to fundamentally understand the plasma plume evolution generated by nanosecond laser 

interaction of a metallic powder bed.  

To obtain a thorough understanding of such a complicated process, it is desirable to 

perform an integrative study, combining physics-based computational modeling with time-

resolved observations of the plasma. The experimental results can help validate the model, while 

the validated model can help produce an in-depth and continuous physical picture of the process 

that is difficult to obtain via experiments alone. However, to the authors’ knowledge, such an 

integrative study has been rarely reported. In particular, physics-based modeling work for plasma 

generated by nanosecond laser interaction with a metallic micro powder bed has been seldomly 

seen in the literature to the authors’ knowledge, although modeling studies have been reported for 

nanosecond laser-induced plasma from a bulk target of metal or semiconductor (e.g., [10, 11]).   

Ref. [12] reported experimental study of plasma induced in Q-switched pulsed YAG laser 

micro sintering of copper-based powder (where the Q-switching rate and duration are typically in 

the ~kHz and ~μs scale, respectively). Images of the plasma were taken using an ICCD camera. 

The plasma optical emission spectra were measured by a spectrometer, based on which the plasma 

temperatures and electron densities are deduced. Ref. [13] reported a time-resoled imaging study 

for nanosecond laser pulse interactions with metal micro particles (whose diameters are on the 

scale of ~30 μm) sitting on a transparent substrate. The imaging study shows the plasma plume 

expansion, shock wave propagation and the melted material ejection induced by the interactions. 

Ref. [14] studied the optical emission of the plasma generated by nanosecond laser ablation of 
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randomly packed copper spheres with diameters in the range of 49 to 390 μm, and the study 

revealed a steplike phenomenon in the relation between the plasma emission strength and the 

microsphere diameter.  

Despite the experimental studies listed above, a physics-based modeling study for plasma 

generated by nanosecond laser interaction with a metallic micro-powder bed has been rarely seen 

in the literature to the authors’ knowledge. Ref. [15] reported high-speed imaging results and a 

finite element model for laser powder bed fusion (PBF) that considered the laser-induced plume; 

but the study is for CW laser-powder bed interactions, not those induced by a nanosecond laser.   

In some previous studies (e.g., [10, 11]), plasma generated by nanosecond-pulsed laser 

irradiation of a bulk target has been modeled by solving gas dynamic equations in the gaseous 

phase and solving the heat transfer equation in the target condensed phase, where the equations 

are coupled via the Knudsen layer relations for evaporation from the surface of the condensed 

phase. The model-predictions agree reasonably well with time-resolved plasma imaging results 

[10, 11]. To the authors’ knowledge, further work is still needed to verify whether or not the 

previous modeling approach for nanosecond laser-induced plasma from a bulk target can also be 

employed to reasonably accurately model nanosecond laser-induced plasma from a metallic micro-

powder bed if the powder bed effective properties are used.    

To fill this knowledge gap, in this paper it is hypothesized that a modeling approach similar 

to that described above can also provide a good description of the plasma evolution generated by 

short nanosecond-scale laser pulse interaction with a metallic micro-powder bed (if the powder 



5 

 

bed surface temperature is below the metallic material thermodynamic critical temperature and if 

surface vaporization is the main mechanism for the plasma generation). In this paper, the 

hypothesis will be tested via an integrative modeling and experimental study. If this hypothesis 

was tested and supported, it would contribute important new knowledge to the field and help build 

a critical scientific basis for modeling the evolutions of such plasma under similar conditions, 

which could play an important role in nanosecond laser sintering with parameters that can generate 

plasma.    

In this paper, to test the aforementioned hypothesis, physics-based modeling work, 

integrated with time-resolved imaging, has been performed for plasma generated by the interaction 

of a very short nanosecond laser pulse with a metallic (cobalt) micro-powder bed. In the model, 

compressible gas dynamic equations are solved for the metal vapor and air, while the heat transfer  

equation is solved for the powder bed condensed phase. Compared with a bulk metal, one 

important difference of a metal powder bed is that it can have significantly different effective 

properties, such as effective thermal conductivity and density. Hence, in the model, the effects of 

the powder bed porosity on the medium effective thermal conductivity and density have been 

considered. The Knudsen layer relations for surface vaporization are employed to connect the 

aforementioned governing equations in the gaseous and condensed phases. Images of the laser-

induced plasma are taken using an ICCD camera with nanosecond-scale gate widths for a high 

resolution in time. An objective and a tube lens are positioned in front of the ICCD camera to 

obtain a microscale spatial resolution for the imaging. The time-resolved imaging results are used 
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to validate the model and test the aforementioned hypothesis. Modeling and time-resolved imaging 

work is also conducted for plasma generated by nanosecond laser interaction with a bulk cobalt 

target. The study has revealed the differences between the plasma evolution from the metal powder 

bed and that from the bulk metal target induced by a ns laser pulse with the same parameters under 

the conditions investigated.  

In laser micro sintering, small particles on the scale of a few μm or less could benefit spatial 

resolutions and were often used (e.g., [6, 7]). Hence, in this paper small particles with a nominal 

size of ~1.6 μm have been used. The gained knowledge from the work in this paper will benefit 

the field of laser micro sintering, where nanosecond lasers are often employed.      

  

2. Model 

Figure 1 shows the schematic diagram for the two-dimensional (2D) axisymmetric model. 

Based on the hypothesis described in the Introduction section, the modeling approach employed 

and demonstrated in Fig.1 is similar to those employed in the corresponding author’s prior papers 

in [10, 11] for plasma plume due to surface evaporation generated by nanosecond-pulsed laser 

irradiation of a bulk metal or silicon target. In the current paper, however, the powder bed 

properties, which could be very different from those for the bulk metal, will be used. As shown 

and discussed later, the property difference can cause very different plasma evolutions. The 

comparison of the model predictions with the time-resolved imaging results for the plasma 

evolution can test the hypothesis posed in the Introduction section under the conditions 
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investigated. That is, a short nanosecond laser pulse-induced plasma from a metallic micro-powder 

bed below the critical temperature can be reasonably well described by solving the compressible 

gas dynamic equations in the gaseous phase together with solving the heat transfer equation in the 

powder bed condensed phase, where the coupling is via the Knudsen layer relations for 

vaporization from the surface of the condensed phase. 

 

 
 

Figure 1. The schematic diagram of the model for plasma generated by the interaction of a 

nanosecond laser pulse with a metallic micro-powder bed.   

 

In the model, the laser beam is assumed to propagate downwards along the direction of –z 

and irradiate at the surface of the powder bed located at z = 0. A layer in the surface of the cobalt 

micro-powder bed may be melted, and at sufficiently high surface temperatures, significant surface 

vaporization may take place. The vaporization-induced material removal may cause a small 

receding velocity of the powder bed surface in the –z direction with a magnitude of Vrec. If the 
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original point of the z axis is defined to be fixed at the powder bed surface, then in this coordinate 

system, the powder bed will have a velocity of the same magnitude in +z direction, Vrec. Then the 

heat transfer process in the powder bed condensed solid and liquid phases is assumed to be 

governed by the following equation [11, 16-20]:  

        𝜌𝑒𝑓𝑓
𝜕𝐻

𝜕𝑡
+ 𝜌𝑒𝑓𝑓𝑉𝑟𝑒𝑐

𝜕𝐻

𝜕𝑧
=

𝜕

𝜕𝑧
(𝑘′

𝜕𝑇

𝜕𝑧
) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝑘′

𝜕𝑇

𝜕𝑟
) +

𝜕𝐼𝑙𝑎𝑠𝑒𝑟(𝑟,𝑧,𝑡)

𝜕𝑧
         (1) 

where t and T denote time and temperature, respectively, 𝐼𝑙𝑎𝑠𝑒𝑟(𝑟, 𝑧, 𝑡) is the laser beam intensity, 

r and z denote spatial coordinates, 𝜌𝑒𝑓𝑓 is the powder bed medium effective density given by 

𝜌𝑒𝑓𝑓 = (1 − 𝛼)𝜌𝑏𝑢𝑙𝑘 (where 𝜌𝑏𝑢𝑙𝑘 is the bulk metal density and 𝛼 is the powder bed porosity), 

k’ is the effective powder-bed-medium thermal conductivity, and the enthalpy (per unit mass) H 

is related to the temperature via the following relation:       

  𝐻0 + ∫ 𝐶𝑝,𝑠𝑑𝑇
𝑇

𝑇0
,                 𝑓𝑜𝑟: 𝑇 ≤ 𝑇𝑚 − ∆𝑇

   𝐻(𝑇) = 𝐻(𝑇𝑚 − ∆𝑇) +
𝑇−(𝑇𝑚−∆𝑇)

2∆𝑇
ℎ𝑚,      𝑓𝑜𝑟: 𝑇𝑚 − ∆𝑇 < 𝑇 ≤ 𝑇𝑚 + ∆𝑇 

 𝐻(𝑇𝑚 + ∆𝑇) + ∫ 𝐶𝑝,𝑙𝑑𝑇
𝑇

𝑇𝑚+∆𝑇
,     𝑓𝑜𝑟: 𝑇 > 𝑇𝑚 + ∆𝑇

    (2) 

where Tm represents the melting point, 𝐶𝑝,𝑠 and 𝐶𝑝,𝑙 denote the solid and liquid metal specific 

heat, respectively, ℎ𝑚 is the melting latent heat,  𝐻0 is the enthalpy at 𝑇0, and ∆𝑇 is a small 

temperature range value (0.5 K is used in this study).  

   The metal powder bed medium and the corresponding bulk metal can have very different 

thermal conductivities. For the experimental work reported in this paper, the initial solid powder 

bed porosity was approximately estimated to be around ~0.72 through the measured powder 

apparent density. In Ref. [21], by numerical modeling of the heat transfer process for micro metal 

particles filled stochastically in the computational domain, the effective thermal conductivity for 
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a powder bed of solid iron micro particles with various porosity values is obtained. It shows that 

the powder bed of solid micro iron particles in air with a porosity near ~0.72 has an effective 

thermal conductivity about ~3% of that for the bulk iron. The regular density, specific heat and 

thermal conductivity of a solid iron are reasonably similar to the values for a solid-state cobalt [21-

24]. Hence, based on the result in [21], in this paper an approximate assumption has been made 

that the effective solid-state cobalt powder-bed medium thermal conductivity is given by: 𝑘′ =

0.03𝑘𝑏,𝑠𝑜𝑙, where kb, sol denotes the solid-state bulk cobalt thermal conductivity. For the molten 

medium of the powder bed above 𝑇𝑚 + ∆𝑇, its effective conductivity is simply estimated by 𝑘′ =

(1 − 𝛼)𝑘𝑏,𝑙𝑖𝑞 + 𝛼𝑘𝑔 [25], where kb,liq and kg are the conductivity of the liquid bulk cobalt and the 

gaseous material filling the pores, respectively. The value of  kg is expected to be much smaller 

than kb,liq and hence is neglected, leading to 𝑘′ = (1 − 𝛼)𝑘𝑏,𝑙𝑖𝑞 . The thermal conductivity of the 

melted and re-solidified powder bed medium is calculated by 𝑘′ = (1 − 𝛼)𝑘𝑏,𝑠𝑜𝑙 . The total 

simulated time duration in this paper is very short (tens of nanoseconds), and the melted powder 

bed medium is assumed to remain at the same effective density (𝜌𝑒𝑓𝑓) as that for the solid-state 

powder bed medium during the simulated duration. Based on this assumption, the melted powder 

bed medium porosity can be deduced using the solid-state bulk cobalt density, the liquid bulk 

cobalt density and the initial solid cobalt powder bed porosity.     

The major purpose of the model in this paper is to simulate the plasma evolution induced 

by a very short (~4 ns) laser pulse interaction with a metallic micro-powder bed. Due to the small 

sizes and large number of particles involved, it would be computationally extremely expensive (if 
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feasible at all) to discretize the space of each and every particle into many small cells for numerical 

calculations. Hence, the powder bed has been approximately treated as a continuum medium with 

effective properties (e.g., the effective conductivity and mass density as previously introduced). 

The condensed-phase portion of the model is mainly to capture the dominant physical processes 

related to surface vaporization from the laser-induced molten metal in the powder bed, which leads 

to the plasma plume generation. If the laser beam is treated as being composed of many light rays 

with finite but very small individual cross sections, then each light ray would most likely be 

intercepted by a certain particle in the surface layer of the powder bed. A portion of the power of 

the light ray will be absorbed in a very thin surface layer of the particle and the layer thickness is 

on the scale of ~1/𝛽𝑏, where 𝛽𝑏 is the bulk cobalt optical absorption coefficient and it is related 

to the imaginary part of the complex refractive index 𝑛𝑖  by  𝛽𝑏 =
4𝜋𝑛𝑖

1064 𝑛𝑚
 [26]. The layer 

thickness is very small and on the scale of only ~15 nm. This factor, together with the short 

duration (~4 ns) and high intensity of the laser pulse in the studied condition, can lead to a very 

high absorbed laser power density per unit volume (the 𝜕𝐼𝑙𝑎𝑠𝑒𝑟/𝜕𝑧 term in Eq.(1)) for the particle 

surface layer. As a result, a thin molten metal layer with very high surface temperatures may be 

very quickly generated (within a short time scale that is expected to be only a few ns), leading to 

a rapid surface vaporization from the molten metal layer. This will cause the plasma formation and 

fast expansion above the powder bed surface.  

Thus, under the conditions studied, a key factor related to the rapid vaporization and fast 

plasma expansion from the laser-irradiated powder bed (as shown later in the ICCD imaging 



11 

 

results) is the large bulk cobalt optical absorption coefficient (and thus small absorption depth), 

leading to a very high absorbed laser power density per unit volume for the surface layer of each 

particle intercepting the small light ray. To capture this, in the model in this paper, the laser energy 

absorption in the powder bed is calculated using the bulk cobalt optical properties at 1064 nm. 

That is, the surface optical reflectivity and the optical absorption coefficient of the powder bed for 

the laser beam is calculated based on the complex index of refraction for the cobalt, 𝑛𝑟 + 𝑖𝑛𝑖 , at 

1064 nm via the Fresnel equations and the relation: 𝛽𝑏 =
4𝜋𝑛𝑖

1064 𝑛𝑚
 , respectively [26].   

A very strict way to numerically model the laser interaction with the powder bed should be 

to discretize the space of each and every particle into many small cells and numerically solve the 

related governing equations (including those for laser propagation and for heat transfer). However, 

this would be computationally extremely expensive (if feasible at all) due to the large number of 

particles involved. Hence, the simplified approach as described in this paper is used, which has an 

acceptable computational cost. Whether or not this approach can provide a reasonably good 

description of the plasma evolution under the conditions studied will be teste by comparing the 

predictions from the model with the time-resolved imaging results for the plasma as shown later.   

The metal (cobalt) vapor leaving the powder bed surface may have high temperatures and 

pressures. It will push the ambient air, generating a compressible gas dynamic flow process in the 

gaseous phase (vapor and air) that can be assumed to be governed by the following gas dynamic 

equations [10, 11, 20, 27-29]:  

       
𝜕𝜌𝑣𝑎𝑝

𝜕𝑡
+

𝜕(𝜌𝑣𝑎𝑝𝑈𝑟)

𝜕𝑟
+

1

𝑟
(𝜌𝑣𝑎𝑝𝑈𝑟) +

𝜕(𝜌𝑣𝑎𝑝𝑈𝑧)

𝜕𝑧
= 0                    (3a) 
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𝜕𝜌𝑎𝑖𝑟

𝜕𝑡
+

𝜕(𝜌𝑎𝑖𝑟𝑈𝑟)

𝜕𝑟
+

1

𝑟
(𝜌𝑎𝑖𝑟𝑈𝑟) +

𝜕(𝜌𝑎𝑖𝑟𝑈𝑧)

𝜕𝑧
= 0                    (3b) 

         
𝜕𝜌𝑈𝑟

𝜕𝑡
+

𝜕𝜌𝑈𝑟
2

𝜕𝑟
+

1

𝑟
(𝜌𝑈𝑟

2) +
𝜕(𝜌𝑈𝑟𝑈𝑧)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑟
                       (3c) 

       
𝜕𝜌𝑈𝑧

𝜕𝑡
+

𝜕𝜌𝑈𝑟𝑈𝑧

𝜕𝑟
+

1

𝑟
(𝜌𝑈𝑟𝑈𝑧) +

𝜕(𝜌𝑈𝑧
2)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑧
                         (3d) 

     
𝜕(0.5𝜌𝑈2+𝐸𝑖𝑛𝑡)

𝜕𝑡
+

𝜕[(0.5𝜌𝑈2+𝐸𝑖𝑛𝑡+𝑝)𝑈𝑟]

𝜕𝑟
+

1

𝑟
(0.5𝜌𝑈2 + 𝐸𝑖𝑛𝑡 + 𝑝)𝑈𝑟 +

𝜕[(0.5𝜌𝑈2+𝐸𝑖𝑛𝑡+𝑝)𝑈𝑧]

𝜕𝑧
=

                                
𝜕

𝜕𝑧
(𝑘𝑔𝑎𝑠

𝜕𝑇

𝜕𝑧
) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝑘𝑔𝑎𝑠

𝜕𝑇

𝜕𝑟
) + 𝛽𝐼𝑙𝑎𝑠𝑒𝑟         

 (3e)                  

where ρvap, ρair, ρ represent the metal vapor, air and total density, respectively, Ur, Uz and U denote 

the r-, z-direction and the total speed, respectively, Eint and p are the internal energy per unit 

volume and pressure, respectively, and 𝑘𝑔𝑎𝑠  and 𝛽  represent the thermal conductivity and 

optical absorption coefficient (at the laser beam wavelength) of the gaseous phases, respectively. 

The wavelength of the laser beam used in this study is ~1064 nm, and it has been assumed that the 

vapor plasma absorption of the laser beam is mainly through the electron-ion inverse 

bremsstrahlung process, based on which the optical absorption coefficient is given by [30]:  

               𝛽 = ∑
4

3
(

2𝜋

3𝑘𝑏𝑇
)0.5 𝑛𝑒𝑛𝑧𝑐𝑧𝑐

2

ℎ𝑐𝑚𝑒
1.5

𝑒6

(4𝜋𝜈𝜀0)3
(1 − 𝑒

−
ℎ𝜈

𝑘𝑏𝑇)𝑧𝑐
              (4) 

where 𝑘𝑏  and h denote the Boltzmann and Planck constants, respectively, c and 𝜈 denote the 

vacuum light speed and the laser light frequency, respectively, 𝑛𝑧𝑐
and 𝑛𝑒 denotes the ion and 

free electron number density, respectively, me is the electron mass, ε0 and e represent the vacuum 

permittivity and the charge of an electron, respectively, and zc denotes the ionic charge number. 
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For Eq.(4), one to three-fold ionized atoms are considered because the number density of further 

ionized atoms is very small. The thermal conductivity is given by [31]:  

𝑘𝑔𝑎𝑠 =

kair,                       for the air region                

𝑘𝑏𝑛𝑒√
8𝑘𝑏𝑇

𝜋𝑚𝑒

1

(2+√2)𝑛𝑒𝐴𝑒𝑖+2𝑛𝑎𝐴𝑒𝑎
,   for the vapor region           

 (5) 

where kair is the air thermal conductivity, 𝑛𝑎 is the neutral vapor atom number density, and 𝐴𝑒𝑎 

and 𝐴𝑒𝑖  represent the cross sections for the electron-neutral atom and electron-ion collisions, 

respectively, with the former being neglected under the conditions simulated and the latter being 

given by [31]: 

𝐴𝑒𝑖 = 6𝜋 (
𝑧𝑐𝑒2

12𝜋𝜀0𝑘𝑏𝑇
)

2

𝑙𝑛 (
12𝜋

𝑧𝑐𝑒3

(𝜀0𝑘𝑏𝑇)1.5

𝑛𝑒
0.5 )                         (6) 

In the vapor region, only the thermal conductivity associated with free electrons is considered. The 

second line of Eq.(5) is based on the assumption that the free electron number density is 

approximately equal to the total ion number density. This assumption should be reasonable for the 

simulated conditions in this study where a dominant fraction of the vapor ions in the plasma are 

Co1+ ions. In the calculation with Eq.(6), only the Co1+ ions are considered.   

The solution of the gas dynamic equations needs equation of state (EOS) for the gaseous 

phases. For the cobalt vapor region that could be ionized due to the high temperatures, an EOS 

table (where each line lists the vapor internal energy, pressure, electron and ion number densities 

for a given temperature-density pair) is constructed by first calculating the densities of ions, free 

electrons and neutral atoms by solving the Saha equations [32, 33] (during which one to five-fold 

ionized atoms have been considered). Then, based on the number densities, the pressure and 
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internal energy per unit volume at each given density-temperature pair in the table can be 

calculated [32, 33]. The internal energy includes the atom/electron/ion kinetic energy, 

1.5𝑘𝑏𝑇(𝑛𝑒 + 𝑛𝑎 + 𝑛𝑖,𝑡𝑜𝑡𝑎𝑙), as well as the ionization energies of the ions, where 𝑛𝑖,𝑡𝑜𝑡𝑎𝑙 is the 

total number density of all the ions [32]. The pressure is given by 𝑝 = 𝑘𝑏𝑇(𝑛𝑒 + 𝑛𝑎 + 𝑛𝑖,𝑡𝑜𝑡𝑎𝑙) 

[32].  For the air region, it has been found from the simulation results that under the simulated 

conditions in this paper typically the air region with high temperatures is very thin (typically just 

a few microns or less), where the temperatures are also not very high (typically less than ~6500 

K) and thus should not cause a very significant air ionization considering that the first ionization 

energies for oxygen and nitrogen are very high (~13.62 and ~14.35 eV, respectively) [34, 35]. 

Hence, for the entire air region, the ideal gas EOS is used (assuming a regular air composition), 

the optical absorption coefficient for the laser beam is assumed to be zero, and the regular room-

condition (0.1 MPa and 300 K) air conductivity determined based on [36] is used in the model 

calculations. The air internal energy is assumed to be 2.5𝑘𝑏𝑇𝑛𝑝  [32], where 𝑛𝑝  is the air 

molecular number density. These are certainly simplified assumptions, but it is expected that they 

should not cause a big effect on the simulation results.   

It is assumed that the intensity of the original incoming laser beam, 𝐼0(𝑟, 𝑡), has a Gaussian 

spatial distribution. The beam propagation in the –z direction in the gaseous phase is assumed to 

be governed by 
𝜕𝐼𝑙𝑎𝑠𝑒𝑟(𝑟,𝑧,𝑡)

𝜕(−𝑧)
= −𝛽𝐼𝑙𝑎𝑠𝑒𝑟, where 𝛽 denotes the optical absorption coefficient for 

the gaseous phase. For the condensed phase-gaseous phase interface at z = 0, it is assumed that: 

𝐼𝑙𝑎𝑠𝑒𝑟(𝑟, 𝑧 = 0−, 𝑡) = (1 − 𝑅)𝐼𝑙𝑎𝑠𝑒𝑟(𝑟, 𝑧 = 0+, 𝑡), where R denotes the optical reflectivity of the 
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condensed phase surface. The further propagation of the laser beam into the condensed phase is 

assumed to be governed by 
𝜕𝐼𝑙𝑎𝑠𝑒𝑟(𝑟,𝑧,𝑡)

𝜕(−𝑧)
= −𝛽𝑏𝐼𝑙𝑎𝑠𝑒𝑟. In this way, the absorbed laser power density 

terms in Eqs.(1) and (3e) can be obtained. The laser parameters are introduced in the Experiment 

section of this paper later. The model calculation results indicate that for the conditions 

investigated, the laser energy absorption by the plasma is not very significant and hence the further 

propagation of the laser beam reflected back from the condensed phase surface is not calculated.      

Similar to the author’s previous papers [11], the gas dynamic equations for the gaseous 

phases have been solved using the essentially non-oscillatory (ENO) method introduced in [37], 

while the heat transfer equation for the powder bed condensed phase has been solved with the 

explicit finite difference method. At each numerical time step, the former and the latter equations 

are related via the Knudsen layer (KL) relations right above the condensed phase surface (where 

the involved saturation vapor pressure at the temperature of the condensed phase surface is 

calculated using the Clausius-Clapeyron equation) [11, 17, 18, 20, 38-41]. The KL relations are 

clearly described in Ref. [11]. Under the studied conditions, the model simulation results show 

that the plasma spatially peak temperature at each time step is typically less than 10000 K and the 

vapor ionization degree is relatively low. Hence, the effect of ionization is not considered in the 

KL relations. For the gaseous phase domain bottom boundary at z = 0, it is assumed that 𝑈𝑟 = 0. 

The solution procedure at each time step is similar to that introduced in Ref.[11], where readers 

can find more details.  

For the condensed phase domain, the mesh sizes in r and z directions are Δr = 0.5 μm 
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(uniform) and Δzminimum = 30 nm, respectively. The value of Δz increases with |𝑧| at an expansion 

ratio of 1.1 between adjacent numerical cells. For the gaseous phase domain, the mesh sizes in r 

and z directions are Δr = 0.5 μm (uniform) and Δz = 0.5 μm (uniform), respectively. The numerical 

time step is Δt = 0.01 ns. To verify the mesh sizes and time step used are sufficiently small, 

simulations have been conducted with coarser meshes or a larger time step, such as (1) Δr = 1 μm 

for both the condensed and gaseous phases and Δz = 1 μm for the gaseous phase; (2) Δt = 0.02 ns 

and (3) Δzminimum = 50 nm for the condensed phase. The simulation results for the nanosecond-

pulsed laser interaction with the powder bed (under the conditions in this paper) obtained with the 

different numerical parameters are very close. This implies that the numerical parameters used 

should be able to provide numerical accuracy and reliability sufficient for the purpose of this paper.   

At t = 0, the powder bed and the ambient gas are assumed to have an initial temperature of 

300 K, and the latter has an initial velocity of 0 and an initial pressure of 0.101 MPa. In the 

simulations, the domains for the powder bed (i.e., the condensed phase) and the gaseous phase are 

selected to be large enough such that for the model calculated period in this paper the conditions 

at the top, bottom and lateral boundaries of the entire domain can be reasonably assumed to stay 

at the initial conditions. The exact domain sizes are not critical as long as they are large enough. 

The gaseous phase domain size is 300 μm × 300 μm for the diameter and the size in z direction, 

respectively, while the condensed phase domain size is 300 μm × 558 μm. For the powder bed 

condensed phase surface, a boundary condition is applied based on energy balance, where the 

energy flux towards the surface is equal to that leaving the surface. The former includes the 
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condensed phase heat conduction and advection (due to Vrec) towards the surface. The latter 

includes the latent heat of vaporization, the internal and kinetic energy carried away by the 

vaporized material, the work done by pressure on the vapor, and the thermal radiation. It has been 

found that in the simulated conditions, the thermal radiation term does not significantly affect the 

model calculation results, and hence is calculated in an approximate way as: 𝜎(𝑇𝑠
4 − 3004), 

where 𝜎  denotes the Stefan-Boltzmann constant and Ts is the condensed phase surface 

temperature.    

The main cobalt material properties utilized in the simulations are obtained from literatures 

[24, 42-48], for which the values and/or sources are listed in Table 1. As introduced earlier, the 

initial solid powder bed porosity has been experimentally measured to be approximately ~0.72. 

For the medium in the powder bed with temperatures in the range of [Tm-ΔT, Tm+ΔT], the thermal 

conductivity, optical absorption coefficient and surface reflectivity are calculated through a linear 

interpolation utilizing the corresponding solid values at the temperature of Tm-ΔT and the melted 

liquid medium values at Tm+ΔT.      

 As a comparison, the plasma induced by nanosecond laser pulse interaction with a bulk 

cobalt has also been modeled in a similar approach using the bulk cobalt properties.   

3. Experiment 

  Figure 2a is a schematic diagram showing the experimental setup for this study, where 

the powder bed of cobalt particles in air is irradiated by a laser pulse of ~4 ns (full-width-at-half-

maximum duration), which comes from the Onda laser (Bright Solutions) with the wavelength of 
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~1064 nm and is delivered onto the powder bed surface by the scan head (ScanLab, HurryScan 

14) that contains a lens with a focal length equal to 100 mm. Figure 2b shows the temporal profile 

of the laser pulse measured with a photodiode. The laser pulse energy is measured to be ~0.21 

mJ/pulse. The laser spot diameter on the powder bed surface is measured to be approximately ~ 

100 μm based on the knife edge method assuming the laser beam intensity has a Gaussian profile. 

The cobalt particles come from Alfa Aesar (Product number: 10455), which have a nominal 

particle size of ~1.6 μm based on the product specification. In the experiment, cobalt powder 

particles are moistened by ~95% ethanol, and then spread into the powder bed via a doctor blade. 

The powder layer gets naturally dried before laser irradiation. The powder layer in the bed is thick 

enough such that it is expected that its bottom boundary does not affect the plasma evolution 

process in this study.  
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Figure 2. (a) Schematic of the experimental system for time-resolved imaging of the plasma 

generated by nanosecond laser interaction with a metallic micro-powder bed (the schematics 

given in this paper do not necessarily contain all the actual components or show them in an exact 

actual way. For example, the optics between the laser and the scan head are not shown), and (b) 

the laser pulse shape measured by a photodiode.  

 

  The plasma plume image is taken using an ICCD camera (Andor, iStar 334T). In this 

study, a gate width of 3 or 5 ns and a gain of 30 have been used for the ICCD camera. The ICCD 

camera is coupled with an objective lens and a tube lens to get a high spatial resolution. The camera 

has 1024×1024 active pixels, with a ~13 μm × ~13 μm pixel size.  The objective and tube lens 

provide a 10-time spatial magnification. Hence, each pixel of the ICCD image corresponds to a 

region of ~1.3 μm × ~1.3 μm in the real physical domain. The ICCD camera and the laser are 

triggered by two different channels of a digital delay generator with a controlled delay time. By 
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changing the delay time, plasma images at different moments after the laser pulse beginning can 

be taken with the camera. The laser spot position will be changed to a new point on the powder 

bed after each laser pulse shot. As a comparison, images of plasma induced by the nanosecond 

laser pulse interaction with a bulk, polished cobalt (Sigma-Aldrich, 356891-6.25CM2, 1.0 mm-

thick cobalt foil) have also been taken at different delay times.     

     

4. Results and Discussions 

Figure 3 shows the images of the plasma plume captured by the ICCD camera at various 

delay times after the cobalt powder bed irradiation by one laser pulse, in comparison with those 

for the plume induced from a bulk cobalt target. The moment at which the laser pulse begins is 

defined as the time of t = 0. It can be seen from Fig.3 that at t = ~10 ns, the plasma plume is already 

observable in the image for both the powder bed and the bulk metal situations. The plasma expands 

from t = ~10 to t = ~30 ns. In this period, the plasma plume induced from the powder bed is 

typically obviously larger than that from the bulk metal. Compared with that from the bulk cobalt, 

the faster expansion of the plasma plume from the cobalt powder bed in this period implies that 

likely the plasma plume has overall higher pressures, which also means higher temperatures and/or 

densities of the plume. It also suggests that likely the laser pulse has induced a more significant 

surface vaporization from the powder bed than that from the bulk metal.  

For the ICCD images at t = ~35 ns, ~40 ns and ~45 ns, the visible portions of the plume 

appear to have reasonably similar sizes for the powder bed and the bulk metal situations. However, 
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the overall brightness levels of the plume from the powder bed appear much higher than those 

from the bulk metal in the images obtained with the same ICCD gain and gate width. Hence, the 

plume from the powder bed is expected to have a stronger optical emission, implying that it likely 

has overall higher temperatures and/or densities in the visible regions. At t = ~55 ns, the plume 

from the bulk metal is almost invisible in the ICCD image with the given gate width and gain. The 

plume from the powder bed is still visible in the images at t = ~55 ns and ~75 ns, which again 

indicates its stronger optical emission and likely overall higher temperatures and/or densities in 

the visible region than the plume from the bulk metal target.   

In a short summary, the aforementioned comparison of the images for the plume from the 

powder bed with those from the bulk metal consistently indicate that the plume in the former 

situation likely have overall higher temperatures and/or densities than that in the latter situation.     
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(continued from the previous page) 

Figure 3. ICCD images of plasma plume generated by nanosecond-pulsed laser irradiation of a 

bulk cobalt target (odd lines) or a powder bed of micro cobalt particles (even lines) (ICCD gain: 

30; gate width: 3 ns for t = 10 to 55 ns, and 5 ns for t = 65 ns to 110 ns. Laser pulse begins at t = 

0. The approximate metal surface location is indicated in the first image.).  

 

The laser pulse has a ~4-ns FWHM duration and the pulse intensity has already decreased 

to a very small value at t = ~15 ns as shown in Fig.2b. Without the laser energy input, the overall 

plume temperature and/or density may quickly drop as it expands. For the period of t ≤ ~30 ns, the 

plume in the given images has relatively high brightness levels and the plume front in the images 

quickly expands, indicating that the plume should have reasonably high optical emission intensities 

and the plume front showing up in the images should be reasonably close to its actual front, where 

the temperature has a relatively steep change. However, this is no longer the case for images at t = 

~35 ns and later, where the brightness level drops a lot for the bulk metal situation, and the front 

showing up in the images does not significantly expand with time for both the powder bed and the 

bulk metal situations. This indicates that the plume front showing up in the images may or may 

not be the actual plume fronts. There might be a layer of gaseous material behind the actual plume 

front, which is not visible in the images because of its insufficient optical emission intensity (due 

to its insufficient temperature and/or density). Therefore, next only the plume images in the stage 

of t ≤ ~30 ns will be compared with the model predictions.  

Figure 4a gives the ICCD images of the plume from the bulk metal in comparison with the 

model-predicted contours for the gaseous phase temperature and the cobalt vapor density. The 

figure has demonstrated that the plume top front locations shown in the ICCD images agree 
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reasonably well with those for the gaseous phase high temperature regions on the model-predicted 

contour plots. This can also be clearly seen in Fig.4b, which compares the plume top front locations 

deduced from the experiment (ICCD images) with those from the model simulation (which are the 

top front locations for the gaseous phase high-temperature region). The error bar for the 

experimental data represents the standard deviation of multiple measurements. The good model-

experiment agreement in Fig.4 has reasonably supported that the modeling approach has provided 

a reasonably good description of the evolution of the plasma plume generated by laser irradiation 

of the bulk cobalt. This is consistent with the corresponding author’s previous work, which shows 

that a similar modeling approach has provided simulation results for plasma generated by 

nanosecond laser irradiation of a bulk aluminum [10] or a bulk silicon [11] that agree reasonably 

well with in-situ time-resolved imaging results.    
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Figure 4. (a) The ICCD images (Column 1) in comparison with the model-predicted contour 

plots for the cobalt vapor density (Column 2) and the gaseous phase temperature (Column 3) 

for nanosecond laser irradiation of a bulk cobalt target. (b) The plume top front locations 

deduced from the experiment (ICCD images) versus those from the model simulation.     
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Figure 5a compares the model predictions with the ICCD images for plasma plume 

generated by laser irradiation of the cobalt powder bed. The figure has demonstrated that the plume 

top front locations shown in the ICCD images at the multiple moments given in the figure have 

reasonably good agreements with the model-predicted top front locations of the gaseous phase 

high-T (temperature) region. This is also demonstrated in Fig.5b, which gives the plume top front 

locations deduced from the experiment (ICCD images) versus those from the model simulation. 

Both the ICCD images and the model-predictions show a rapid expansion of the plume in the given 

period. As shown later, the peak temperature of the powder bed surface in the simulation result is 

still below the cobalt thermodynamic critical temperature [49]. Hence, the reasonably good 

agreement demonstrated in Fig.5 has reasonably supported the hypothesis posed in this study under 

the conditions investigated, that is, a short nanosecond laser pulse-induced plasma evolution from 

a metallic micro-powder bed below the critical temperature can be reasonably well described by 

solving gas dynamic equations in the gaseous phase together with solving the heat transfer 

equation in the powder bed condensed phase, where the coupling is via the Knudsen layer relations 

for vaporization from the surface of the condensed phase. It should also be noted that for the 

situations in Figs.4 and 5, the high-temperature air region, if exists, has a very small thickness 

(typically only a few microns or less). Hence, only the cobalt vapor density contours are shown in 

the figures.    
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Figure 5. (a) The ICCD images (Column 1) in comparison with the model-predicted contour 

plots for the cobalt vapor density (Column 2) and the gaseous phase temperature (Column 3) 

for nanosecond-pulsed laser interaction with a cobalt micro-powder bed. (b) The plume top 

front locations deduced from the experiment (ICCD images) versus those from the model 

simulation.        
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Next, the model simulation results will be used to reveal the differences between the plasma 

plume evolutions (and related physical processes) for the powder bed and those for the bulk metal 

target, induced by the nanosecond laser pulse irradiation.    

In Figure 6, the model-calculated contour plots for the gaseous phase temperature and the 

cobalt vapor density at t = 30 ns for the powder bed and those for the bulk metal target are placed 

together for a more clear comparison. The figure has demonstrated that the high temperature 

gaseous phase region and the cobalt vapor region for the powder bed situation are obviously larger. 

The spatially peak gaseous phase temperature and the peak vapor density in the contour plots for 

the powder bed situation exceed ~6000 K and ~16 kg/m3, respectively. On the other hand, the peak 

gaseous phase temperature and the peak vapor density in the contour plots for the bulk metal 

situation are less than ~6000 K and ~10 kg/m3, respectively. These comparison results are 

consistent with what has been suggested by the in-situ time-resolved ICCD images as discussed 

earlier.   
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Figure 6. The model predictions for the gaseous phase temperature (Row 1) and the cobalt vapor 

density (Row 2) at t = 30 ns for nanosecond-pulsed laser irradiation of a bulk cobalt target 

(Column 1) and a cobalt powder bed (Column 2) (the laser pulse begins at t = 0).      
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Figure 7a and b show the temperature histories at different locations of the condensed phase 

surface for nanosecond-pulsed laser irradiation of the bulk cobalt target and those for the cobalt 

powder bed, respectively. At each given location, the temperature first increases and reaches a 

peak value and then drops with time. For the same surface location, the peak temperature for the 

powder bed surface is obviously higher than that for the bulk cobalt surface. For example, the peak 

surface temperatures in time for the powder bed are ~9416 K, ~8340 K and ~5070 K at r = 0, 25 

and 50 μm, respectively, versus 7917 K, and ~5914 K, and ~1411 K, respectively, for the bulk 

cobalt. The cobalt thermodynamic critical temperature is ~10384 K [49]. Hence, the condensed 

phase peak temperatures in both simulated cases are still lower than the critical temperature 

(mostly lower than ~90% of the critical temperature). Figure 7c and d show the temperature 

distributions at the condensed phase surface in the r direction at t = 5, 20 and 30 ns for the bulk 

cobalt and the cobalt powder bed situations, respectively. The spatially peak temperature at each 

moment for the powder bed is still obviously higher than that for the bulk metal. It is expected that 

one important reason for the higher temperature for the cobalt powder bed surface should be that 

its thermal conductivity is lower than the conductivity of the bulk cobalt. The slower heat transfer 

in the condensed phase can help drive its surface temperature to higher values. Due to the higher 

surface temperatures, the surface vaporization is stronger for the powder bed than that for the bulk 

metal. This has led to a plasma plume with overall higher temperatures and densities for the powder 

bed situation in the given simulated period.  
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Figure 7. The model predictions for: (a) temperature histories of multiple points at the bulk 

cobalt target surface, (b) at the cobalt powder bed surface, (c) temperature distributions in the r 

direction at the bulk cobalt target surface and (d) at the cobalt powder bed surface.   
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Figure 8 shows the model-predicted accumulated surface-vaporized mass from the cobalt 

powder bed versus that from the cobalt bulk target. Compared with that for the bulk cobalt, the 

significant vaporization from the cobalt powder bed starts a litter earlier (~3.5 ns versus ~4.5 ns 

for bulk), and the total mass vaporized by t = 20 ns is around ~3×10-12 kg, more than ~6 times that 

for the bulk target. This should be due to the overall higher surface temperature for the cobalt 

powder bed. The larger amount of vaporized material is expected to be one important reason for 

the longer lifetime of a visible plume on the ICCD images for the powder bed than that for the 

bulk cobalt, as shown in Fig. 3. For both the bulk target and the powder bed, most of the 

vaporization (in terms of vaporized mass) occurs before t = 10 ns, indicating the short ~4-ns 

FWHM duration laser pulse has induced a very rapid vaporization.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The model-predicted total accumulated surface-vaporized mass for nanosecond-pulsed 

laser irradiation of a bulk cobalt target and a cobalt powder bed.  
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Figure 9 gives the model-calculated total pressure that is exerted onto the condensed phase 

surface due to the gaseous phase pressure and velocity right above the Knudsen layer. Figure 9a 

and b show the total pressure histories at r = 0 and 25 μm for the bulk cobalt and the cobalt powder 

bed, respectively. It can be seen that for the powder bed situation the peak pressure in time is ~491 

and ~267 MPa at r = 0 and 25 μm, respectively, which is much higher than those for the bulk cobalt 

(~204 MPa and ~32 MPa at r = 0 and 25 μm, respectively). The pressure FWHM duration is very 

short, which is only ~3.5 ns at r = 0 for the powder bed. Figure 9c and d show the pressure versus 

r at different moments, for the cobalt bulk target and powder bed, respectively. It can be seen that 

the pressure decreases very quickly with r. For example, at t = 5 ns, for the powder bed situation 

the pressure has the spatially peak value at r =0 (laser spot center), and the pressure drops to 10% 

of the peak at r = ~41 μm. The pressure drop with r is even faster for the bulk cobalt, where the 

pressure drops to 10% of the spatial peak value at r = ~21.5 μm, less than half of the laser spot 

radius. In summary, under the conditions investigated, the plasma plume has generated a pressure 

pulse with a very high transient peak magnitude, but a short duration, onto the powder bed surface. 

The pressure decreases quickly with r, but the high-pressure region radius is still much larger than 

that for the bulk cobalt.      
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Figure 9. The model predictions for: (a) histories of the total pressure (𝑝 + 𝜌𝑣𝑎𝑝𝑈𝑧
2) exerted on 

the bulk cobalt target surface at different points, (b) histories of the total pressure on the cobalt 

powder bed surface, (c) the total pressure distributions in the r direction at the bulk cobalt target 

surface and (d) at the cobalt powder bed surface.   

 

 

 

Bulk cobalt  

Bulk cobalt  

Cobalt powder bed  

Cobalt powder bed  



37 

 

It should be noted that the gas dynamic equations (Eq.(3)) do not consider the possible 

diffusion of vapor into the ambient air (although small diffusion could be numerically generated 

when they are numerically solved). It is believed that this has not caused any significant inaccuracy 

in the simulation results because the model calculations in this paper are mainly for the short period 

of t = 0 to 30 ns where such diffusion, if occurs, should not be very significant. This is also 

consistent with the reasonably good model-experiment agreements shown in Figs.4 and 5. The 

simulation results show that the high temperatures and the plasma-induced high pressures for the 

surface of the target (a bulk metal or a powder bed) mainly exist for the first ~30-ns period, which 

is thus the major focus of the modeling study in this paper. It should also be noted that the 

properties and evolutions of plasma induced by nanosecond laser pulse interaction with a powder 

bed may vary with the laser and powder bed parameters.      

The modeling results in this paper indicate that nanosecond laser-generated plasma can 

lead to a large pressure pulse on the surface of the powder bed and hence could significantly 

influence the powder sintering process. The significance of nanosecond laser-induced plasma has 

been clearly demonstrated in the authors’ previous experimental study on nanosecond laser 

sintering of cobalt powder with a nominal particle size of ~1.6 μm [9]. Ref.[9] shows that if low-

intensity, ~200-ns duration laser pulses that do NOT generate an obvious plasma plume are used, 

the sintered region shows significant balling and is highly porous. On the other hand, if each ten 

low-intensity, ~200-ns laser pulses are followed by one high-intensity, ~4-ns laser pulse that can 

induce plasma, the sintered region shows much less balling and appears much more densified, 
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which should be due to the plasma-induced pressure pulse (please read [9] for more details). The 

plasma model in this paper provides a useful theoretical tool to help calculate or estimate the 

plasma-induced pressure due to nanosecond laser interaction with a metallic micro-powder bed. 

In its applicable range, it can help the understanding of related laser sintering results and/or the 

selection of nanosecond laser parameters to achieve the desired plasma-induced pressure impact. 

The model in this study treats the powder bed as a continuum medium without explicitly 

simulating the evolutions of individual particles. The good model-experiment agreements shown 

in this paper suggest that the simplified modeling approach should be reasonably accurate to 

simulate the early-stage plasma evolution under the condition studied. A model explicitly 

simulating individual particle evolutions can give more physical details, but would have an 

extremely high computational cost considering that the particles in this work have a small nominal 

size of only ~1.6 μm and thus even a very small domain would have a large number of particles. 

Additive manufacturing models describing individual particles are reported in the literature, such 

as Refs. [50, 51], where the models are not for nanosecond laser-induced plasma and the involved 

particle sizes are much larger than that in this paper. The model in this paper would be improved 

if the evolutions of individual particles could be explicitly considered. Certainly, this will involve 

a significant computational cost challenge.   

 

5. Conclusions  
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Short-pulsed lasers (e.g., nanosecond lasers) possess potential advantages in laser sintering, 

particularly laser micro sintering. At a sufficiently high intensity, a nanosecond laser pulse can 

generate a plasma plume from its irradiated metallic powder bed surface. The plasma plume 

evolution, such as the pressure it generates on the surface of the powder bed, may significantly 

influence the sintering process in the powder bed. However, physics-based modeling work for 

plasma generated by nanosecond laser interaction with a metallic micro-powder bed has been 

seldomly reported in literatures according to the knowledge of the authors’.  

Such modeling work has been presented in the current paper for the interaction of a ~4-ns 

laser pulse with a cobalt micro-powder bed, integrated with time-resolved plasma imaging work 

using an ICCD camera with nanosecond scale gate widths for the model validation.  Under the 

conditions studied in this modeling-experiment integrative work, the following has been found: 

(1) The model-predicted high-temperature region top front locations for the gaseous phase agree 

reasonably well with the top front locations of the plume shown in the ICCD-captured 

images for laser-induced plasma plume from both a bulk cobalt target and a cobalt powder 

bed for the given period in Figs. 4 and 5.  

(2) The reasonably good model-experiment agreements have supported the hypothesis under the 

conditions studied that: a short nanosecond laser pulse-induced plasma evolution from a 

metallic micro-powder bed below the thermodynamic critical temperature can be reasonably 

well described by solving gas dynamic equations in the gaseous phase together with solving 

the heat transfer equation in the powder bed condensed phase, where the coupling is via the 
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Knudsen layer relations for vaporization from the surface of the condensed phase. This tested 

hypothesis is useful new knowledge to the field, which can help guide the modeling of 

nanosecond laser-induced plasma from a powder bed under similar conditions.    

(3) The ICCD images show that in comparison with the nanosecond laser-induced plasma plume 

from the bulk cobalt, the plume from the cobalt powder bed expands faster in the period t = 

~10 to ~30 ns, has higher apparent brightness levels on the images for t = ~35 to ~45 ns, and 

remains visible on the ICCD images for a much longer time.   

(4) The model simulations for t = 0 to 30 ns show that compared with the situation for the bulk 

cobalt, the nanosecond-pulsed laser irradiation of the cobalt powder bed, due to the powder 

bed’s lower effective thermal conductivity, can induce obviously higher condensed phase 

surface temperatures, and thus more significant surface vaporization, and typically higher 

plasma peak temperatures and densities in the studied period. These are consistent with the 

aforementioned in-situ imaging results.  

(5) The nanosecond laser-induced plasma can produce a total pressure pulse that has a very high 

transient peak magnitude of ~491 MPa, but a very short duration, on the powder bed surface. 

The pressure decreases quickly with r; but the radius of the high-pressure region is still much 

larger than that for the bulk cobalt.  
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Table 1. Main cobalt properties employed in the simulations by the model [24, 42-48].  

Properties* Value or Source Unit 

Melting point [24] 1768 (converted from 1495 
°C in [24]) K 

Normal boiling point [24] 3173 (converted from 2900 
°C in [24]) K 

Latent heat of melting [24] 58.4 cal/g 

Latent heat of vaporization [24] 1500 cal/g 

Bulk solid density [24] 8850 kg/m3 

Bulk liquid density [42] 7750 kg/m3 

Solid specific heat [43] 
430 (averaged from the two 
heat capacity values at 298 K 
given in Table 5 of [43]) 

J/kg ∙ K 

Liquid specific heat [43] 
690 (approximately 
converted from 40.5 J/mol ∙
K that is from [43]) 

J/kg ∙ K 

Bulk solid thermal conductivity 

Based on a linear 
interpolation utilizing the 
first low-T data point as well 
as the data point at T = 1000 
K from Fig.3 of [44] for pure 
cobalt (for solid at T>1000 
K, the value at 1000 K is 
utilized) 

 

Bulk liquid thermal conductivity 

Table 6 of [45] (for liquid at 
T > 1950 K or T<1800 K, the 
value for 1950 K or 1800 K 
is utilized, respectively) 

 

Solid-state complex index of 
refraction 

Based upon Figure 6 in [46]  

Liquid-state complex index of 
refraction 

Based on Table III of [47] 
(the value at the melting 
temperature for λ = 1.06 μm 
has been utilized)  

 

Cobalt ionization energies   From Ref. [48]   

   

*The effective powder-bed medium thermal conductivity and density are determined using the 

bulk cobalt properties in the way as described in the text of this paper.  

 


