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The laser powder bed fusion (L-PBF) process is accompanied by rapid melting
and solidification that results in intense thermocapillary convection within the
melt pool. Open-source particle simulation software was utilized to generate a
single layer of spherical powder particles of variable diameter. Considering
the importance of particle size and the particle size distribution (PSD) in the
L-PBF process, three distinct categories of PSD were generated with identical
settings. A three-dimensional (3D) thermofluid model was developed in this
study, incorporating the generated layer of powder particles of nonuniform
size over a thick substrate. A moving volumetric heat source was applied to
melt a single track in the powder layer using a user-defined function in
FLUENT software. Temperature-dependent material properties including
variable surface tension were considered in the computation. The numerical
model was used to simulate Ti-6Al-4V powder particles to observe the melt
pool flow dynamics. Presence of particles of smaller diameter in the powder
mix supported consistent and continuous melt pool flow, while any kind of void
enhanced fluid convection in the downward direction, causing a temporal in-
crease in melt pool depth.

INTRODUCTION

Additive manufacturing (AM) has come a long
way, transforming from a rapid prototyping to rapid
manufacturing technology. It is anticipated that it
will become a multibillion-dollar industry by the
next decade.1 The L-PBF process, one of the AM
techniques, is quickly becoming one of the sought-
after processes in aerospace and biomedical indus-
tries. Interest in and research work using this
technique have grown exponentially over the past
few years. In particular, additive manufacturing
technologies for metal have found their way into
various sectors with applications in cooling and
automotive parts, medical implants, and aerospace
components. Various commercial metallic powders
including Ti6Al4V, In718, AlSi10Mg, and 304 and
316L stainless steels are being produced and mod-
ified specifically for this process. However, new
powder materials must undergo calibration tests
before application, which is both costly and time
consuming.2 Such calibration is required to deter-
mine the optimal processing parameters consider-
ing the thermal properties of each material.3

Modeling and simulation is an efficient substitute
for experimental investigation, allowing under-
standing of the effect of process parameters on the
L-PBF process. Use of numerical models to replicate
the process provides enhanced understanding of the
physical phenomena involved in such manufactur-
ing techniques without actually producing any
parts. Numerical models for laser–material interac-
tions have been developed for laser beam welding
since the 1980s.4 Similar numerical methods have
been utilized by researchers for the powder bed
fusion process too. Although the physics of the L-
PBF process is similar to that of the laser beam
welding process, the presence of powder particles
adds significant complexity to the process.5. Powder
particles of different sizes also exhibit different
absorbance properties. A Gaussian laser heat source
has been used to model the L-PBF process,6

although Khairallah et al.7 used a laser ray-tracing
method to model the heat source with greater
accuracy. The randomness in the local distribution
of particle sizes affects the heat transfer as well as
the melt pool flow. The discrete element method
(DEM) can be used to represent this distribution of
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powder particles with greater accuracy.8 Further-
more, spreading the next layer of particles affects
the bonding between two layers and the overall
density of the part.

Due to the complexity of the L-PBF process, it is
not possible to replicate the mutliphysics phenom-
ena using a single numerical model. Different
models and techniques are thus applied sepa-
rately to study the process on macro (> 10�3 m),
meso (10�6–10�3 m), and microscale (10�9–
10�6 m). Some of the phenomena in the L-PBF
process that have been simulated include the
powder distribution, residual stresses, the tem-
perature distribution, the melt pool flow, the effect
of gas flow, and the microstructure. In the numer-
ical model applied here, a mesoscale approach
with mesh size of 5 lm was used to simulate the
thermal interaction and melt pool flow. Experi-
mental work on the effect of the PSD on opti-
mization of the process parameters was reported
by Liu et al.,9 and Spierings et al.10 compared the
density of stainless steel 316L parts produced
using different powder grades. Those studies
showed that the PSD affects not only the flowa-
bility of the powder but also the density and
surface finish of the final part.

In simple terms, the L-PBF process consists of
repeated movement of a heat source over a metallic
powder with diameter on the order of 10 lm, using
various scanning patterns. Previous studies consid-
ered a single scan track to be representative of the
process, to understand the process physics and melt
pool flow dynamics.7,11 The same approach is
applied here, using a model consisting of a layer of
metallic powder over a thick substrate. The DEM
method is used to generate a layer of spherical
powders with thickness of 60 lm. Powder particles
with PSD from 0 lm to 25 lm, 0 lm to 45 lm, and
15 lm to 45 lm were generated with identical
parameters. The powder and substrate material
are both Ti-6Al-4V.

NUMERICAL MODELING

Powder Distribution Modeling

A 3D model with domain size of 2500 lm 9 600
lm 9 1000 lm was created to obtain a random
powder distribution representative of the powder
bed on the build plate of a metal 3D printing
machine. The powder size range shown in Fig. 1 is
referenced from AP&C, A GE additive company’s
brochure. Powder particles with 15 different parti-
cle diameters were created in each of the three size
ranges based on their proportions. A sequential
powder addition algorithm was used to drop a
constant number of particles in bulk into the
domain as shown in Fig. 2, which were then allowed
to settle under gravity.

Once the particles had settled, the bottom platform
(collector) will move up and the recoater will spread
the particles in the positive X-direction, as shown in
Fig. 3. The result for the three different powder size
distributions is quite different. The powder with size
range of 0–25 lm shows comparatively less void
space because the particles of smaller diameter fill in
the void space, as shown in Fig. 4. The particles with
size range of 0–45 lm and 15–45 lm showed a similar
distribution of powder particles, but with more void
space in between the particles.

Equations for Heat Transfer and Fluid Flow

A conical volumetric heat source was modeled, as
given in Eq. 1, to represent the heat energy from the
laser. It is important to identify the free surface in the
mesh-based simulation to apply the appropriate volu-
metric heat source. Since there are two phases in the
model, viz. gas as phase 1 and Ti-6Al-4V as phase 2, the
free surface was tracked after each iteration using an
UDF in FLUENT, before applying the heat energy for
the next iteration. The volume of fluid equation used to
track the free surface during melting and solidification
is given in Eq. 2,wherea represents the volume fraction

Fig. 1. Particle size distribution for different categories: (a) graphical representation and (b) tabular data (adapted from Ref.12).
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Fig. 2. Side view of particle addition in bulk.

Fig. 3. Top view of the domain with the powder spread.

Fig. 4. Zoomed view of generated powder layer for size range of (a) 0–25 lm, (b) 0–45 lm, and (c) 15–45 lm.
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of fluid in a cell where 0< a< 1. In each control
volume, the volume fractions of all phases sum to unity.
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where g is the absorption efficiency, P is the laser
power, S is the penetration depth, d is the beam
diameter, and XS and YS define the position of the
center of the heat source. Hs is the horizontal
Gaussian distribution for the heat source, and Iz

describes the decay of the magnitude of the heat
source magnitude in the vertical direction.
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where H is the enthalpy, k is the thermal conduc-

tivity, _Q x;y;zð Þint is the heat source applied at the
interface, h is the heat transfer coefficient, r is the
Stefan–Boltzmann constant, e is the emissivity used
to account for the radiation through the top surface,
and A is the free surface area of the cell. Adiabatic
boundary conditions are applied on all walls of the
domain.

The density, specific heat, and thermal conduc-
tivity are functions of temperature. These temper-
ature-dependent material properties for Ti-6Al-4V
were included in the model using piecewise-linear
functions.13 For liquid metal, a constant viscosity
value was used. Also, a variable surface tension was
included using a UDF, given by Eq. 4:

c ¼ cm þ dc
dT

DT ð4Þ

where c is the surface tension at a given tempera-
ture above the melting point, cm is the surface

tension at the melting point, dc

dT
is the surface

tension gradient, and DT is the temperature differ-
ence between a given temperature and the melting
temperature. In this study, the default value of the
surface tension and surface tension gradient for Ti-
6Al-4V resulted in strong depression of the melt
pool, i.e., inadequate pull force. Therefore, both of
these values were reduced by incorporating a factor
into the UDF. The thermophysical properties of the
material and the L-PBF processing parameters are
presented in Fig. 5 and Table I. The default prop-
erties of argon gas preloaded in FLUENT were used
for calculation of the model.

Thermofluid Modeling

The computational work was performed in a
domain with size of 1200 lm 9 400 lm 9 250 lm.
The powder particle coordinates along with their
diameter data were imported from the result of the
DEM simulation. The imported layer of powder
particles with layer thickness of 60 lm lay on a 110-
lm-thick substrate. A constant mesh size of 5 lm was
used to generate a hexahedral mesh throughout the

Table I. Material properties of Ti-6Al-4V and
processing parameters

Parameter Value

Solidus temperature, TS (�C) 1605
Liquidus temperature, TL (�C) 1655
Latent heat of fusion, Lf (kJ/kg) 440
Beam diameter, d (lm) 100
Power (W) 195
Scan speed (mm/s) 600
Viscosity(kg/m-s) 0.049
Ambient temperature (�C) 25
Emissivity, e 0.515

Stefan–Boltzmann constant, r (kg s�3 K�4) 5.67 9 10�8

Fig. 5. Temperature-dependent material properties of Ti-6Al-4V.13,14
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domain as shown in Fig. 6a. The total number of
elements in the domain was approximately 1 million.

Figure 6b shows an isometric view of the model.
Black color represents the thick substrate, while the
grey color on top represents the powder particles.
The rest of the domain is filled with argon gas. In
this study, argon gas is considered as phase 1 and
Ti-6Al-4V as phase 2. The free surface lies between
the substrate and gas with volume fraction value
ranging from 0 to 1.

RESULTS AND DISCUSSION

Melt Pool

The melt pool flow dynamics is described based on
the result for the case using powder particles with
size range of 0–25 lm with scan speed of 600 mm/s,
power of 195 W, and laser absorption coefficient of
0.38. The results for two other cases and their
comparison are discussed below. Application of the
heat source (laser power) increases the temperature
of a certain volume of powder. The material subject
to the center portion of the incident laser beam will
have the highest temperature, with a temperature
gradient around it. Increase in the temperature
melts the powder particle at the center, followed by
melting of surrounding powder particles, as seen in
Fig. 7a. Smaller powder particles in the mixture
melt before larger powder particles. The melted
powder fills the voids present between the powder
particles due to the continuous flow of molten liquid,
and the melt pool becomes dense. The melt pool then
cools down and solidifies with the progress in time
as the heat source moves from left to right. This
process of melting and solidification continues,
forming a single track. In case of high energy
density, the temperature may exceed the boiling
point of the material. This would result in evapora-
tion and greater depression below the heat source.
Such a scenario is not considered herein, and the
effect of recoil pressure is also not included.

In the melting process, the flow of liquid metal is
outwards, i.e., from higher to lower temperature,
due to the surface tension gradient. As the heat
source moves from left to right, the rear portion
starts to cool due to thermal diffusion. During
solidification, the melt flow changes direction from
outer to inner, which contributes to the formation of
a bead. This continuous process of melting and
solidification leads to a continuous single track.

Figure 8 illustrates the transient behavior of the
melt flow during single track formation, showing the
volume fraction of fluid in a slice from a transverse
cross-sectional view. The laser beam is the energy
source and heats the powder at the center of the
powder bed. The spherical powder slowly starts to
change its shape at t = 300 ls. The melt pool depth
keeps increasing until t = 600 ls. During solidifica-
tion, the melt flow is pulled in the upward direction to
form a track, as seen at t = 900 ls. The melt pool
increases in depth during the heating period, then
the flow reverses under the effect of increasing
surface tension to form a solid track.

A single-track experiment was carried out using
an EOS M270 machine with Ti-Al6-V4 powder with
size distribution of 15–40 lm to quantitatively study
the effect of the scan speed on the track width. The
surface of the formed track was analyzed using
white-light interferometry to obtain the melt pool
width. Details of this study were presented in
another publication.16 The track width value
obtained from this experiment followed the trend
and was in good agreement with the computational
result. At 600 mm/s, the width value from the
experiment was 202.36 lm versus the simulation
result of 200 ± 10 lm.

Comparison of the Results for Different Ran-
ges of Powder Distribution

The powder with size distribution in the range of
0–25 lm showed comparatively less void space. The

Fig. 6. (a) Meshed domain cross-section; (b) isometric view with cut section of model.
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particles with smaller diameter filled the void space,
whereas in the other two cases, there was more
space between particles. Another factor affecting
the void space is the lower and upper value of the

particle diameter, as is evident from the powder
distribution results presented in Fig. 3. The size
range of the powder simulated in this study showed
that the lower value of particle diameter and lower

Fig. 7. Top view of powder bed showing (a) the melt pool at t = 100 ls and (b) the solidified track and melt pool at t = 1500 ls along with the
temperature (�C) distribution.

Fig. 8. Melt pool flow with time progression.
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size range of the powder resulted in a more consis-
tent and continuous melt pool flow, as shown in
Fig. 9. For the same power, particles with larger
diameter take more time to melt completely in
comparison with those of smaller diameter. Thus,
there is incompletely melted powder in the melt
pool. The edges of the melt pool boundary also
contain incompletely melted powder, giving rise to a
coarser surface finish in the final part. Also, in the
case of powder particles with larger diameter, the
melt pool depth increases temporarily in the region
where there are more large particles.

CONCLUSION

A DEM method was used to simulate powder
particles of different size ranges and their distribution
on a build plate. A 3D thermofluid model was developed
and completed with the powder particle distribution
and user-defined functions to model the heat source as
well as to input other necessary parameters. The model
was meshed at 5 lm to capture the melt pool flow
dynamics at mesoscale level. Metallic powder with
three size ranges was simulated under an identical
condition to observe the effect of the powder distribu-
tion on the melt pool flow dynamics. The computational
results lead to the following conclusions:

� The powder particle size and particle size distri-
bution play an important role in the final part
manufactured using the L-PBF process.

� Presence of particles of smaller diameter in the
powder mix supports a consistent and continuous
melt pool flow, while any kind of void enhances
fluid convection in the downward direction, caus-
ing a temporal increase in melt pool depth.

� This model can be applied to predict the effect of
key process parameters including the scan
speed, power, and laser absorptivity on the melt
pool dimensions.

� This study was carried out for power of 195 W
and scan speed of 600 mm/s. Simulation results
for powder distributions with different size
ranges and different power intensities could also
be analyzed for broader understanding.

One limitation of this model is that it assumes that
all the powder particles are perfectly spherical,
which is not the case for metal powders. Though no
experimental work has been done during this study
to validate the effect of the different ranges of
powder particles, the model was successfully
applied for quantitative analysis of the track width,
applied for quantitative analysis of the track width
for various scan speed at a constant power.

Fig. 9. Snapshot of temperature contour along with the solidified track at t = 2000 ls for three size ranges of powder distribution.
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