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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Change in position for neutrally buoyant 
particles with varying initial locations 
tracked. 

• Marangoni number related to change in 
nondimensional enthalpy. 

• Enthalpies indicate a transition region 
between conduction mode and keyhole 
type melting. 

• Increasing the magnitude of surface 
tension coefficient resulted in increased 
Marangoni flow.  
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A B S T R A C T   

Laser Powder Bed Fusion (LPBF) can be used to create Functionally Graded Materials (FGMs) by selectively 
distributing property augmenting particles throughout the build matrix. With this method parts can be created 
with nonhomogeneous properties tuned to spatially varied, pre-determined design constraints. To unlock this 
capability, the fluid motion that occurs in the molten liquid phase must be thoroughly understood. More 
importantly, the actual tracking of motion during the LPBF process is needed. A numerical model of heat transfer 
and fluid flow in LPBF process was created. Using results from the model the motion of particles starting at many 
different locations was tracked. The average change in position for these particles based on starting location was 
calculated. The effects of non-dimensional parameters on melt pool size were examined. These results were 
validated experimentally and compared to what is available in the literature.   

1. Introduction 

Additive Manufacturing (AM) can produce complex, custom parts 
with reduced waste, reduced need for costly tooling, and fewer limita-
tions when compared to traditional manufacturing techniques [1]. Laser 
powder bed fusion (LPBF), also known as selective laser melting (SLM) is 

a process commonly used to create additively manufactured metal parts 
by distributing a thin layer of metal powder over a substrate. A laser 
then passes over the powder, selectively melting targeted areas dictated 
by the design intent for the part. An additional layer of powder is then 
added, and the laser passes again. The process is repeated as a part is 
made, layer by layer. The flexibility and complexity in the design of a 
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part allowed by the LPBF process provide an opportunity for significant 
advancement in multiple industries, as parts can be customized in shape 
and function for specific needs [2]. These benefits can be compounded 
by introducing nonhomogeneous properties tuned to pre-determined 
design constraints that are spatially varied. These Functionally Graded 
Materials (FGMs) can be formed by selectively distributing property 
augmenting particles throughout the build matrix [3]. This allows for 
both the physical shape of the part and the functional performance of the 
part to be custom designed for each unique situation. For example, 
thermal conductivity augmenting particles can be selectively distributed 
within a heat sink to produce optimal thermal pathways for heat to be 
rejected from an underlying non-isoflux temperature/heating profile. In 
addition, FGMs can be used to improve the performance of orthopedics, 
heat shields, and heat engine components [4–6]. It is possible to create 
FGMs using LPBF, but it requires numerous additional steps, most 
notably the time-consuming ball-milling process [7]. Work is being done 
on developing a method of using ink jetting to selectively apply particles 
during the LPBF process, but it has not yet published. 

The addition of reinforcing particles in the metal powder for the 
LPBF process has been shown to be effective at modifying the mechan-
ical characteristics of the resulting part [8,9]. This has the potential to 
provide significant power to designers and allows for ultimate creativity 
in engineering problem solving. Solutions can be created that fit both the 
exact shape and performance needed for the purpose. However, there is 
currently a significant roadblock that must be overcome before LPBF can 
be used to create pre-designed FGMs. In order to design parts with 
properties that vary spatially to meet specific demand requirements, the 
path that additive particles take during the LPBF process must be known. 
This information is not available in the existing literature. 

Results from numerous numerical simulations of LPBF and related 
laser welding processes have been published that provide details on 
process optimization, effects of varying laser power and scanning speed, 
and the related impacts to quality of the created part [10–17]. There are 
also many studies in literature that provide insight on the complex dy-
namics in a melt pool that must be understood to predict melt pool 
motion. Siao and Wen studied the primary contributors to molten metal 
motion in LPBF [18], and saw that the two drivers of melt pool motion 
are buoyancy and Marangoni stress. They found that the effects on fluid 
motion from buoyancy were small when compared to the Marangoni 
flow in LPBF. They also provided information on the general direction of 
flow created by Marangoni stress. Other studies also provide data for 
velocity and expected flow patterns in LPBF [19–23]. Khairallah et al. 
[24] developed a mesoscopic model that offers data on melt pool for-
mation dynamics, along with temperature and velocity information for 
the LPBF process. These studies provide valuable information on flow 
dynamics and provide a clear picture of what is happening in the melt 
pool. However, additional information is necessary to design FGMs with 
selectively placed particles, and that is to track and predict the motion of 
these particles. 

Experimental measurements have been taken to help fill in this in-
formation gap. Tenner et al. used high-speed cameras to measure ve-
locity inside the keyhole created in laser welding [25]. Clark et al. used 
X-ray radiography to track tungsten carbide seed particles as they moved 
in a melt pool during the LPBF process [26]. Their work provides a 2-D 
view of the particles' locations over time. Kawahito et al. [27] used 
three-dimensional X-ray transmission to capture melt flow velocity, also 
using tracer particles. Guo et al. [28] used tungsten tracer particles and 
X-ray imaging to create images of instantaneous liquid flow direction in 
multiple planes that demonstrate the expected melt pool dynamics. 

Creating functionally graded materials using LPBF can be done by 
adding material property enhancing particles to specific locations in the 
powder bed. But to achieve these enhanced properties at the desired 
locations in the finished part, there must be an understanding of how the 
particles will flow through the weld pool during formation, which can be 
provided by the discussed literature. What is not available are explicit 
paths particles would take from initial to final locations during LPBF. 

Due to the high temperature gradients, gradients in density are created 
that cause buoyancy driven flow. The high temperature gradients also 
create gradients in surface tension in the molten metal. These gradients 
in surface tension cause a Marangoni stress that induces circulatory 
motion in the melt pool. Only when designers can relate the initial 
location of an augmenting particle to the final location in the built part, 
taking into account the effects of buoyancy and more importantly 
Marangoni stress driven flow, can FGMs be possible with this process. 
However, current literature lacks the information necessary to enable 
the creation of spatially varied metal matrix composite (through adding 
reinforcement particles onto a metallic matrix) and functionally graded 
parts with LPBF. Only when the path of these additive particles can be 
predicted for the entire LPBF process, can educated decisions be made 
about where to apply these particles to achieve desired part properties 
and performance. The novelty of this work is to provide this vital in-
formation by developing a thermal-fluid model that predicts hydrody-
namic movement within the melt pool, i.e., circulatory Marangoni flow. 
The study will examine the magnitude of the induced Marangoni flow 
that is created with varying laser power input. This flow information is 
then used with a Lagrangian reference frame to track the motion of 
particles from multiple starting locations in the powder bed. By under-
standing where the particles reside prior to cooling, along with how they 
get to this terminal point, manufacturing engineers will be informed as 
to where the augmenting particles should be placed initially to yield the 
desired distribution of properties within the final part. This will ulti-
mately shift the paradigm to manufacturing for design. 

2. Materials and methods 

2.1. Model development 

A numerical model of the LPBF process was created using ANSYS 
Fluent on the ANSYS Workbench platform, version 2022 R1. A double 
precision transient model was developed to represent a single laser pass 
over a 50 μm depth of 316 L stainless steel powder that is located over a 
solid 316 L build plate (substrate). Fig. 1 shows a cube with length, 
depth, and width of 400 μm, which is the geometry used in the model, 
with the laser path marked with the dashed line. The orange area rep-
resents the powder, and the green represents the solid substrate. The 
centerline of the model is located at the line x = 0. The laser moves in the 

Fig. 1. Geometry and coordinate system of the volume modeled and laser path.  
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positive z direction along this centerline. 
The calculation was set up to run using built in options in Fluent. The 

maximum Reynolds number of the molten 316 L was expected to be <30 
due low velocities and high viscosity values typical in molten metal, so a 
laminar viscous calculation method was used (it was later verified after 
model development that the maximum Reynolds number was indeed 
<30). The energy equation calculation was enabled in the software to 
include heat transfer in the model. The solver option selected in Fluent 
for pressure-velocity coupling was the SIMPLE scheme with Rhie-Chow 
distance-based flux. For the pressure spatial discretization selection in 
the software, the PRESTO! method was used. The momentum and en-
ergy equations both used second order upwind scheme options. The 
convergence criteria for continuity and velocities were that the residuals 
needed to be below 1 × 10−3, and for the energy equation the residuals 
needed to reduce to below 1 × 10−6. The under-relaxation factors used 
to achieve convergence were 0.1 for pressure, 0.25 for density, 1 for 
body forces, 0.1 for momentum, 0.25 for liquid fraction, and 1 for en-
ergy. To model the phase change, the enthalpy-porosity model for so-
lidification and melting was used with a mushy zone parameter of 1 ×
107. This is within the range recommended by the ANSYS user guide and 
was selected from that range because it gave results that best matched 
the experimental data. 

The heat transfer boundary conditions for the top surface included 
convection and radiation exchange with ambient conditions at 293 K. 
The flow boundary condition on the top surface was dictated by the 
Marangoni stress. The flow boundary conditions for all sides and the 
bottom surface was the no slip condition. The heat transfer boundary 
condition for the sides parallel to the laser path were a constant tem-
perature at 293 K, as they were expected to have minimal heat transfer. 
The laser passes through the other sides, and they were expected to have 
significant heat transfer. The boundary condition for these sides was a 
conductive heat flux calculated using the local surface temperature and 
an assumed ambient temperature of 293 K at a location far out into the 
powder bed (well outside the modeled volume). The bottom side also 
had this conductive heat flux boundary condition. 

To ensure grid independent results, the model was run multiple times 
with a decreasing grid size. Temperature values were taken from the 
model results at 3 different depths in the melt pool, and the change in 
these temperatures were tracked with the decreasing grid size. It was 
found that decreasing the grid size below 7.6 × 10−6 m resulted in <1% 
change in all three temperature measurements, so this was the grid size 
used for simulations. Since this is a transient simulation the effect on 
timestep size was also examined. It was found that for the higher scan-
ning speed to be used in the study (200 mm/s) a timestep of 5 × 10−5 s 
was required to avoid changes in temperature >1%. For the slower laser 
speed (100 mm/s) a timestep of 1 × 10−4 s was small enough to avoid 
impacts to the temperature results. 

To model the heat provided by the laser, a user defined function 
(UDF) was created so that the energy provided can appropriately vary in 
space and time. The distribution of heat flux occurring inside the laser 
beam was represented with a simplified Gaussian model, q˝

L(x, z) =

q˝0exp
(

−r2
r2
0

)

[29] where qL" is the laser flux that hits the surface of the 
powder bed at the location x,z inside the radius of the laser beam. A 
separate model was used to estimate the penetration of this heat flux 
into the powder bed, q"(x,y,z) = qL" (x,z) * 0.9909 exp (−6791y). This 
model that gives the applied laser flux based on location in the laser 
beam and distance into the powder bed was developed from data pub-
lished by Wang et al. on the absorptivity of metal powders [30]. The 
UDF developed uses this model along with the laser speed to calculate 
the current laser location and the corresponding applied laser power in 
the powder bed. After initial testing it was found that at laser powers 
over 100 W the laser penetration did not result in a melt pool shape that 
was sufficiently similar to the experimental results. Therefore, at these 
higher laser powers the laser energy penetration deep in the powder bed 

was slightly increased. This resulted in better match in the shape and 
area of the melt pools. 

Table 1 lists the material properties that were used in the simulation, 
as well as properties for the 316 L powder that was used in the model 
validation experiments that will be discussed in the next section. 

At the laser powers and speeds used in this study, some amount of 
vaporization of the stainless-steel powder was expected. To quantify this 
in the numerical model, Langmiur's equation for evaporation was used 
to estimate the evaporative mass flux Ji = P0

i
̅̅̅̅̅̅̅̅

Mi
2πRT

√

where Mi is the molar 
mass, R is the universal gas constant, T is the temperature, Pi0 is the 
vapor pressure, and Ji is the evaporative mass flux [18]. The vapor 
pressure was found using data from Chawla et al. [39] that relates 
temperature to the vapor pressure of molten 316 L. The model was 
initially run without vaporization, and the resulting temperatures were 
then used to find the vapor pressure and the resultant evaporative mass 
flux. This mass flux was then used to calculate the resulting energy that 
goes toward vaporization by multiplying the mass flux by the heat of 
vaporization. 

2.2. Model validation 

In order to provide confidence in the model, experimental samples 
were created for comparison to model results. Single-track samples were 
created using ORLAS Creator LPBF machine equipped with a continuous 
wave Yb: YAG fiber laser (wavelength of 1067 nm) and a stainless-steel 
build plate. To maintain a constant layer thickness throughout the whole 
experiment, a groove with the dimensions of 12 mm in length, 200 μm in 
width, and 50 μm in depth, representing a typical LPBF layer thickness, 
has been micromachined into the 316 L build plate. Then, the 316 L 
powder was spread on top of the groove to fill the groove, and then 
manually with the aid of a razor blade, a smooth surface on the top of the 
groove was achieved. Afterward, the laser beam, previously has been 
aligned with the center of the groove, hit the metal powder and 
deposited the melt track at the bottom of the groove. 

Samples were created using laser power settings of 50, 75, 100, 125, 

Table 1 
Material properties for materials used in experimental validation and as model 
inputs.  

Property Value Reference 
Apparent density of 316 L 

powder 
4427.2 kg/m3 This work 

Absorptivity of powder 
Particles Size distribution 

0.6 
D10: 18 μm, D50: 30 μm, D90: 
49 μm 

Trapp et al. 
[31] 
This Work 

Emissivity of 316 L powder1 0.6 Gunther et al. 
[32] 

Emissivity of molten 316 L 0.28 Fukuyama et al. 
[33] 

Viscosity 0.05 kg/ms [[34] Xiao] 
Specific heat of 316 L 

powder2 
0.1097 + (3.174 × 10−5T) cal/ 
g 

[35,36] 

Specific heat of molten 316 L 0.184 cal/g Kim [36] 
Density of molten 316 L3 7.4327 + ((3.9338 × 10−5T) −

(1.8007 × 10−7T2)) g/m3 
Kim [36] 

Thermal Conductivity of 316 
L powder3 

0.016 T + 8.5961 w/mk Cox et al. [37] 

Thermal Conductivity of 
molten 316 L2 

124.1 + (3279 × 10−5T) w/mk Kim [36] 

Convective heat transfer 
coefficient 

10 w/m2k Zhang et al. 
[38] 

Laser beam diameter 40 μm  
Laser power 50, 75, 100, 125, 150 watts  
Laser scanning speed 100, 200 mm/s   
1 Value for slightly oxidized 316 L powder at elevated temperature, only used 

for radiation exchange with ambient surroundings, laser absorption uses a more 
sophisticated model described in above. 

2 T is in units of Kelvin. 
3 T is in units of degree Celsius. 
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and 150 W and laser scanning speed of the of 100 mm/s and 200 mm/s. 
Laser melting was performed in a nitrogen atmosphere, keeping the 
oxygen level in the build chamber <100 ppm to minimize oxidation. The 
deposited single tracks were sectioned along the perpendicular direction 
to the laser scanning track (parallel to the build direction). To reveal the 
melt pool boundaries in optical microscopy, the samples were mounted 
and polished following the standard metallography procedure and 
before the examination, and were electro-etched using a solution of 10 

wt% oxalic acid and 90 wt% deionized water, applying 15 V DC for 15 s. 
Fig. 2 shows the images that were taken of the samples manufactured 

for comparison to the modeling results. Multiple samples were created 
for each case and several measurements of melt pool width and depth 
were taken. The number of samples taken for each case are listed in 
Table 2. Imaging and area measurements were only done for the samples 
manufactured at speed of 100 mm/s and for the sample manufactured at 
laser power of 150 W and 200 mm/s. 

The completed numerical model was run for the same cases as the 
experimental samples, and the melt pool width, depth, and cross- 
sectional area (in the x-y plane) were calculated. The predicted results 
are listed in Table 3. Fig. 3 shows images of the melt pool cross-sections 
for each of the cases from the model. Figs. 4 and 5 compare these 
modeling results with the experimental measurements in terms of melt 
pool width and melt pool depth, respectively. 

A comparison of modeled results for melt pool width and experi-
mental data is shown in Fig. 4. All of the modeled values for melt pool 
width fall within 10% of the average of the experimental values for each 
case, except for samples manufactured at laser power of 50 and 75 W at 
200 mm/s. The melt pool depth shows some degree of agreement, but 
due to the significant variability in the depth measurement of the 
experimental samples, the experimental and modeled depths are not as 
close. The range of variation from experimental values of width varies 
from 1 to 55%. The deviation of simulated values from experimental 
values in this study fall within the range of other similar studies. Xiao 
and Zhang published data varying from experimental values in the range 
of 6–40% [34]. The simulated data from Siao and Wen showed variation 
of 8–107% for melt pool width and depth with varying laser power. 

It was also important that the model provide agreement with 
experimental results for the shape of the melt pool. This was examined 
by comparing the cross-sectional area measurements of the modeled 
melt pools and those from the experiments. Melt pool area measure-
ments were taken for each of the cases at 100 mm/s laser speed, and at 
150 W laser power for the 200 mm/s speed. The results for both the 
modeled and the measured areas are shown in the plot in Fig. 6. 

Fig. 2. Optical Micrographs of single track melt pools, top from left to right: 50 W 100 mm/s, 75 W 100 mm/s, 100 W 100 mm/s, bottom from left to right: 125 W 
100 mm/s, 150 W 100 mm/s, 150 W 200 mm/s. 

Table 2 
Number of manufactured samples at each condition to be used for model 
validation.  

Laser power   
50 W 75 W 100 W 125 W 150 W 

Scanning speed 
100 mm/s 5 5 5 5 5 
200 mm/s 5 5 5 5 10  

Table 3 
Modeling results for melt pool dimensions for each test case.  

Laser power  
Speed 50 W 75 W 100 W 125 W 150 W 

Pool Width 
(microns) 

200 
mm/s 45.6 76 121.6 136.8 167.2 
100 

mm/s 76 121.6 182.4 212.8 228 

Pool Depth 
(microns) 

200 
mm/s 45.6 91.2 129.2 152 220.4 
100 

mm/s 83.6 136.8 205.2 228 243.2 

Pool Area (square 
microns) 

200 
mm/s 1502 4274 7451 10,166 16,519 
100 

mm/s 3812 8779 18,137 21,718 24,606  
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3. Results and discussion 

Volumetric energy density (VED) was calculated for each case using 
a well-accepted method with VED = P

u h LT, where P is the laser power, u 
is the scanning speed, h is the hatch spacing, and LT is the powder layer 
thickness [40]. The volumetric energy density is dependent on the hatch 
spacing, which is the spacing between multiple laser passes. This work, 
however, was done all with single track cases with no repeated laser 
passes. Since there is no hatch spacing for single passes, the diameter of 
the laser beam was used in place of the hatch spacing. Table 4 shows the 
volumetric energy density for each case. Uddin et al. [41] did work on 
LPBF of 316 L stainless steel. Their values of VED vary from 45 to 83 J/ 
mm3. When using the same hatching spacing used by Uddin et al. (rather 
the laser beam diameter as was used in calculating the values in 
Table 4), the volumetric energy densities from this study fall in the range 
of 42–250 J/mm3, showing that the values for heat input in this study 
are reasonable. The values listed in Table 4 are higher than this range 
because the laser beam diameter used in calculating the VED is much 
smaller than hatch spacing used by Uddin et al. 

Because VED dependent on hatching spacing, (which is not a 
parameter in this study) VED may not be the best parameter to capture 

the energy input LPBF. Zhao et al. [42] also discuss the limitations of 
volumetric energy density as a metric for comparing different LPBF 
cases. More useful and widely applicable results could be found using a 
non-dimensional parameter to represent the combined effects of laser 
scanning speed and laser power. King et al. [43] used a ratio of en-
thalpies to represent input power in LPBF. The ratio is shown in eq. 1, 
where ΔH is the enthalpy per unit volume, hs is the enthalpy of the 
molten metal at the melting temperature, A is absorptivity, P is the laser 
power, D is the thermal diffusivity, u is the laser speed, rho is the density, 
c is the specific heat, u is the laser scanning speed, Tm is the melting 
temperature, and sigma is the laser beam radius. 

ΔH
hs

= AP

ρcTm

̅̅̅̅̅̅̅̅̅̅

πDuσ3√ (1) [43]. 
The above ratio allows for comparisons of multiple cases in a com-

mon way, so that the energy input into the powder bed, for example, a 
laser power of 100 W and a laser speed of 200 mm/s can easily be 
compared to an input of 125 W laser power and 100 mm/s. This is useful 
as the laser power might vary, but because of differing scanning speeds 
the powder bed might receive the same amount of energy, in which case 
it would be reasonable to expect some similarity in results. 

Another parameter that will be used in the analysis of results in this 
study is the Marangoni number. The Marangoni number is a dimen-

Fig. 3. Melt pool cross-sections predictions from modeling results for the samples listed in Table 3.  

Fig. 4. Validation of melt pool width predicted by model with experimental measurements.  
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sionless parameter that represents the ratio of surface tension forces to 
viscous forces in a flow. Eq. 2 gives the traditional representation of the 
Marangoni number where dγ/dT is the sensitivity of the surface tension 
gradient to temperature, w is the melt pool width (the characteristic 

length), μ is the dynamic viscosity, ΔT is the difference between the 
maximum pool temperature and the solidus temperature, and D is the 
thermal diffusivity. 

Ma = − dγ

dT

wΔT

μD
(2) 

In this study, a simplification of the Marangoni number is used. The 
Marangoni number is calculated with the simplification that u ≈ − dγ

dT
ΔT
μ

. 
Basically, this is assuming that all of the velocity in the x-direction comes 
from gradients in surface tensions. This is a simplification because some 
of the velocity in the x-direction will be induced from buoyancy-driven 
flow. To examine this assumption the model results for the case of 150 W 
laser power and 100 mm/s scanning speed were compared to running 
the same case in the model with no surface tension gradient (dγ/dT was 

Fig. 5. Validation of melt pool depth predicted by the model with experimental measurements.  

Fig. 6. Validation of melt pool cross-sectional areas predicted by the model with experimental measurements.  

Table 4 
Volumetric energy density (J/mm3).   

100 mm/s 200 mm/s 
50 W 250.0 125.0 
75 W 375.0 187.5 
100 W 500.0 250.0 
125 W 625.0 312.5 
150 W 750.0 375.0  
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set to zero). The resulting maximum velocity for the case with surface 
tension gradients was 16 times larger than the velocity when surface 
tension gradients were turned off. With the magnitude of the velocity 
created by Marangoni effects being so much larger than those created by 
buoyancy, this was considered a reasonable simplification. Siao and 
Wen [18] found that the velocities induced from surface tension gradi-
ents were larger in magnitude than those from buoyancy. With this 
justification the following simplified Marangoni number was used 
(which is a specialized version of the Peclet number): 

Ma = uw

D
(3) 

In this form the Marangoni number also represents the ratio of 
convective heat transfer to heat diffusion. 

Fig. 7 shows a plot of the ratio of enthalpies versus the Marangoni 
number for the 10 cases modeled and a clear transition that happens 
around ΔH/ hs = 6. This transition occurs near a Marangoni number of 
1. Marangoni numbers higher than 1 indicate that the heat transfer in 
the melt pool becomes dominated by convection. King et al. [43] present 
a mathematical model that predicts transition from conduction melting 
to keyhole type melting at ΔH/ hs = 6. The data from this study clearly 
supports the idea that a transition occurs at this point. However, King 
et al. also present solutions from a numerical model which shows a 
transition to keyhole melting at ΔH/ hs = 30. The discrepancy in these 
values may be an indication that there is not a single specific point 
where this change occurs, rather the transition occurs gradually, over a 
range of values of normalized enthalpies. The discrepancy may also be 
due to differences in how keyhole melting is defined, whether is it 
simply geometric, in that keyhole melting occurs when the depth of the 
melt pool is greater than the width, or if it is defined by the presence of a 
vapor pocket, which requires significant vaporization to be occurring in 
the melt pool. 

This transition region should be expected because as the energy input 
to the melt pool increases, the heat transfer in the melt pool is initially 
dominated by conduction, but as temperature gradients increase, Mar-
angoni flow and buoyancy-driven flows will increase, leading to a 
convection dominant flow. This does not necessarily mean keyhole 
melting has been reached if it is defined as including a pocket of vapor. It 
is possible that this convection dominated flow, with small amounts of 
vaporization could result in melt pools with depth that exceed the width 
while not experiencing the vaporization required to create a keyhole. 
Melting that is dominated by vaporization, enough to create a pocket of 
vapor occurs at high values of normalized enthalpies [44]. In this type of 
melting a significant portion of the melt pool volume is made of metal 

vapor, which allows the laser energy to more easily penetrate into the 
melt pool and powder bed beneath [45]. A transition mode could exist 
where convection is the dominant heat transfer mode but the melt pool 
is still primarily made up of liquid metal, rather than vaporized metal 
(unlike keyhole melting). 

According to Le and Lo [20] there is a transition region between the 
conduction mode and the keyhole melting mode for values of ΔH/ hs 
from 30 to 75. Based on data from this study, it could be argued that this 
transition mode begins as early as ΔH/ hs = 6. The data presented by Le 
and Lo [20] include very little data below ΔH/ hs = 30, so it is possible 
that the transition begins earlier than Le and Lo are presenting. For this 
study, the cases of ΔH/ hs > 6, are likely in this transition region, as the 
Marangoni number is >1 (indicating significant convection), but the 
vaporization rates that were modeled and the values of ΔH/ hs that are 
much lower than 75, indicate that these points are likely not experi-
encing keyhole melting. 

Velocity and circulation were also examined in the model results. 
The maximum velocity in the X-direction varied from 0.3 m/s for the 
case of 50 W and 200 mm/s to 0.78 m/s for 150 W and 100 mm/s. As 
mentioned above, information on velocity magnitudes in melt pools is 
sparse in literature. Zhang et al. [19] reported a maximum velocity of 
0.6 m/s for Inconel 718 at 400 W and 1200 mm/s scanning speed, which 
falls in the range of velocities predicted in this study. 

Understanding the circulation that occurs inside the melt pool caused 
by surface tension gradients could provide insight into the motion of 

Fig. 7. ΔH/ hs versus Marangoni number.  

Fig. 8. The path used in calculating melt pool circulation.  
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augmenting particles that are added to the powder bed to produce metal 
matrix composites. To empower designers with the ability to create 
functionally graded parts, the motion of the molten melt pool needs to 
be better understood, including circulatory flow. The circulation was 
calculated using MATLAB R2021b to postprocess velocity information 
from the ANSYS Fluent model for each sample. Fig. 8 shows the path that 
was used when calculating the circulation. It was expected that since the 
Marangoni number represents the ratio of convective to conductive heat 
transfer, as the Marangoni number increases, the magnitude of the cir-
culation should also increase. This is because the circulation is caused by 
the Marangoni flow. Fig. 9 shows a plot of the circulation calculated for 
each case versus the Marangoni number. 

By definition, circulation is calculated in a counter-clockwise 
manner, so it is reasonable for the selected path here the magnitude is 
negative. This indicates that on the positive x (right side) of the melt 
pool there is clockwise circulation induced by the Marangoni flow. The 
flanged shape at the top of the melt pool demonstrates that there is flow 
in that direction, pushing the edge of the melt pool toward the positive x 
direction. The magnitude of the circulation increases with increasing 
Marangoni number. A linear trend line was included on the plot to 
emphasize the apparent linear nature of the relationship between the 
circulation and the Marangoni number. 

The effect of input energy (in terms of ΔH/ hs) was also examined as 

shown in Fig. 10. It can be seen from this data that, as mentioned before, 
there appears to be a transition that occurs near ΔH/ hs = 6. 

To further provide information that will enable designers to create 
functionally graded materials, the information from the numerical 
model was used to predict the motion of particles added to the powder 
bed. Using velocity information for each time step, the movement of 
neutrally buoyant, non-reactive particles was predicted for each case. 
Supplementary video 1 is an animation of the motion viewed in the XY 
plane of these particles for the case of 150 W and 200 mm/s scanning 
speed. 

Evidence of the circulatory flow induced by the surface tension 
gradients can be seen in the particle motion shown in Supplementary 
video 1. The particles start at the midpoint of the powder bed in the Z- 
direction. There is some motion in the positive or negative Z-direction, 
which is why near the end of the animation in Supplementary video 1 
some particles are still in motion even though the midplane is no longer 
in a molten state. These particles move to parts of the powder bed where 
there is still molten metal causing motion. Supplementary video 2 is an 
animation of particle motion showing in the YZ plane, along the direc-
tion of travel of the laser, for the sample manufactured at 150 W and 
200 mm/s. The particles in Supplementary video 2 are initially located 
at X = 0, which is the midplane in the X-direction. 

There is evidence for circulatory flow in the YZ plane in the 

Fig. 9. Modeled results for circulation versus Marangoni number.  

Fig. 10. Non-dimensional enthalpy versus circulation.  
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animation in Supplementary video 2. The fluid appears to circulate in an 
area in front of the laser, and separately behind the laser. A significant 
number of particles appear to become entrained in with the laser mo-
tion, likely caught in between these two different circulatory areas. 

While these animations provide good qualitative information, they 
do not necessarily provide the quantitative data that would be needed 
for designing FGMs for LPBF. Figs. 11, 12, and 13 provide data on the 
average change in position for the particles in the X, Y, and Z directions 

Fig. 11. The change in X Position for multiple starting locations for the case of 75 W and 200 mm/s.  

Fig. 12. The change in Y Position for multiple starting locations for the case of 75 W and 200 mm/s.  
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respectively for the case of 75 W and 200 mm/s laser speed. Figs. 14, 15, 
and 16 have the same information for the case of 150 W, 200 mm/s. For 
plots of X and Y position, the data is taken from the same starting points 
as in Supplementary video 1, with several points at different X and Y 

locations at the midpoint of the model volume in the Z-direction. For the 
plots of Z position, the data is taken from the same starting points as 
shown in Supplementary video 2, with multiple starting points in Z and 
Y, taken at the midpoint of the volume in the X direction. 

Fig. 13. The change in Z Position for multiple starting locations for the case of 75 W and 200 mm/s.  

Fig. 14. The change in X Position for multiple starting locations for the case of 150 W and 200 mm/s.  
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Figs. 17, 18, and 19 show the average change in position plotted 
against starting location for varying laser inputs in terms of ΔH/ hs for 
all the cases that were modeled. For all of these cases the laser travels in 
the positive Z-direction, with the beam centered at X = 0. This data was 

taken with the same starting points as the previous plots. 
In general, particles starting on the left of the laser beam (which is 

located near X = 0) tend to move in the negative X-direction. The 
Marangoni flow is directed out from the center of the laser, which on the 

Fig. 15. The change in Y Position for multiple starting locations for the case of 150 W and 200 mm/s.  

Fig. 16. The change in Z Position for multiple starting locations for the case of 150 W and 200 mm/s.  
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Fig. 17. The average change in position in the X-direction with varying values of ΔH/ hs.  

Fig. 18. The average change in position in the Y-direction with varying values of ΔH/ hs.  

Fig. 19. The average change in position in the Z-direction with varying values of ΔH/ hs.  
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negative X side would cause flow in that direction. While on the positive 
X side, the flow away from the laser would be in the positive X direction. 
The temperature gradients are largest near the laser, which is why 
particles that start near the center see the largest movement. Farther out 
from the laser beam the temperature gradients are smaller, and in turn 
the surface tension gradients are smaller, resulting in smaller change in 
position further out from the center of the laser. The magnitude of the 
change in position generally increases with increasing input power. 

From Fig. 18 it can be seen that the average change in the Y direction 
for most locations in the melt pool is in the positive Y direction. This is 
due to both buoyancy and circulation caused by Marangoni flow 
creating a bulk motion upwards in the fluid. This motion is restricted, 
however, when particles reach the top of the melt pool. These particles 
that start near or reach the surface recirculate to fill in behind the up-
ward flow to end up at a location deeper in the melt pool. 

The data in Fig. 19 shows that for enthalpy ratios of <7.95 the 
average change in position is in the positive Z direction, the same di-
rection that the laser travels. For enthalpy ratios >7.95, the travel in in 
the negative Z direction, moving behind and away from the laser. This 
occurs because at the higher energy inputs, there is Marangoni flow 
created in the Z-direction. At these increased energy input levels the area 
of molten material is relatively long, and this area behind the laser has a 
large temperature gradient. This causes flow behind the laser toward the 
lower temperatures, resulting in an average change in the negative Z- 
direction for these higher power cases. Clark et al. [26] provide some of 
the only data on motion in LPBF melt pools. Their work shows many 
tracer particles becoming entrained in the keyhole generated by the 
laser, with the particles conglomerating near the bottom of the pool, 
whereas this study shows particles generally rising up to the top of the 
melt pool. This difference is due to the density of the tungsten particles 
used by Clark et al. [26] being greater than the density of the cop-
per‑aluminum mixture in the powder bed. Whereas the particles in this 
study were neutrally buoyant and were able to follow with the fluid as it 
flowed upward from both the buoyancy that exists in the melt pool and 
the circulation caused by Marangoni flow. 

As discussed earlier, this Marangoni flow is the main driver for the 
motion in melt pools that will affect the location of augmenting particles 
in functionally graded materials or metal matrix composites manufac-
tured via the LPBF process. All of the cases discussed so far were simu-
lated with a surface tension gradient (dγ/dT) of −2.2 × 10−4 N/m-k 
because it is close to the value used by Xiao and Zhang [45], and 

because it gave results that were validated with the experimental data. 
Wang and Tsai [46] reported that variations in the sulfur content of 
steels result in variations of the surface tension gradient. They found that 
increasing the sulfur content of the steel decreases the magnitude of the 
gradient, and past a certain point it would change the sign on the 
gradient from negative to positive. This gradient value directly affects 
Marangoni flow, so variations due to differences in chemical composi-
tion and trace elements (e.g, O, S, P) could result in different motion in 
molten melt pools. 

To explore the effect that varying the surface tension gradient will 
have on LPBF the simulation in this study was run at three additional 
cases. The first was using one of the original cases, with a surface tension 
gradient of −2.2 × 10−4 N/m-k, with a laser power of 150 W and a 
scanning speed of 200 mm/s. The second case was run with the same 
laser power and scanning speed, but with the surface tension gradient 
doubled to −4.4 × 10−4 N/m-k. The third case was again done with the 
same laser parameters, but this time with a surface tension gradient of 
2.2 × 10−4 N/m-k. Table 5 lists the results from these simulations. 

Of these three cases examined, they all have the same heat input as 
the laser power and scanning speed are the same for all of these cases. 
Increasing the magnitude of the surface tension gradient resulted in an 
increased circulation, and increased Marangoni number. Switching the 
sign on the surface tension gradient resulted in a much lower Marangoni 
number, reduced circulation, and the sign of the circulation also 
switched, indicating that with a positive surface tension gradient the 
circulation in the melt pool will be in the counterclockwise direction, 
which agrees with the findings of Siao and Wen [18]. 

Fig. 20 shows the melt pool resulting for each case. Both cases with 
negative values of the surface tension coefficient have wide melt pools at 
the top, which is consistent with flow outward from the pushing the melt 
pool in that direction. For the case with the positive coefficient the flow 
generated from surface tension is inward toward the center of the laser, 
resulting in a different melt pool shape. 

4. Conclusions 

A numerical thermo-fluid model of the laser-power bed fusion pro-
cess was developed to examine fluid motion in the melt pool during the 
process. The model was validated through comparison to experimental 
data and literature. Normalized enthalpies and a simplified Marangoni 
number were used to examine the results of the simulation. From the 
results it appears that a transition occurs near ΔH/ hs = 6 and Marangoni 
numbers >1. This transition is likely not the start of keyhole type 
melting because the heat input and the vaporization rates are lower than 
expected for keyhole type melting. Rather, it appears to be the beginning 
of a transition mode where the heat transfer in the melt pool is domi-
nated by convection of the molten metal, but keyhole melting is not yet 
achieved. The magnitude of the circulation in the melt pool was calcu-
lated and it was found to have a linear relationship with the Marangoni 
number. The position of several neutrally buoyant and non-reactive 

Table 5 
Results of varying the surface tension gradient.   

Case 1 Case 2 Case 3 
dγ/dT (N/m-k) −2.2 × 10−4 −4.4 × 10−4 2.2 × 10−4 

Melt Pool Width (μm) 167.2 197.6 91.2 
Ma 3.07 5.38 0.97 
Circulation −2.65 × 10−5 −4.47 × 10−5 3.39 × 10−6 

ΔH/ds 7.95 7.95 7.95  

Fig. 20. Melt pools with varying surface tension coefficients, left is −2.2 × 10−4 N/m-k, center −4.47 × 10−5, and right is 2.2 × 10−4.  
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particles was tracked as they move with the fluid motion in the powder 
bed during LPBF. Additive manufacturing of metal matrix composites 
and functionally graded parts via hybrid ink-jetting and LPBF will 
depend on understanding of the motion these augmenting particles will 
undergo during the process. The information in this study provides in-
sights into potential motion of these particles based on multiple different 
starting locations in the powder bed. 
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