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Abstract:

Selective laser melting (SLM) is a type of additive manufacturing technique which uses a powder
bed to form complex metal parts in a layer-by-layer process. The density of the powder bed in
SLM affects the mechanical properties of the produced part. Good powder packing results in a
higher powder bed density which in turn influences the quality of the produced part. In this work,
a computational fluid dynamics (CFD) model was developed for the SLM process using Flow 3D
software to study the effect of powder bed density on the melt pool characteristics of high strength
steel. Discrete element method (DEM) was used to generate powder beds with realistic powder
properties. The realistic powder properties of AF9628 were obtained using JMatPro software. The
powder beds were irradiated with a moving laser heat source to study the melt pool characteristics.
These models were validated with experimental results.

1. Introduction

Additive manufacturing (AM) is defined as “the process of joining materials to make objects from
three-dimensional model data” by American Society for Testing and Materials (ASTM) [1].
Complex geometries can be easily manufactured compared to conventional subtractive methods
with more freedom and flexibility in the design process. This method has revolutionized the way
parts are manufactured which reduces the overall weight, facilities and materials used [2]. Powder
bed additive manufacturing is a subset of additive manufacturing techniques which uses powder
as a feed stock material. Laser Powder Bed Fusion (L-BPF) process selectively melts powder that
is uniformly spread in a confined region. This method can produce parts that are utilized in
aerospace, automotive, medical, and other fields [3-6]. As the demand for L-BPF process
increased, it has become critical to understand the powder characteristics as it can adversely affect
the quality of the parts produced. Several studies reported that the powder properties namely
uniformity and packing density affect the final porosity and bulk density of the manufactured part
[5,7,8]. The machine parameters and powder characteristics affect the layer uniformity and density
of the powder bed [9]. Through L-BPF process it is possible to manufacture complex shapes by
melting powder bed with a high energy laser. However, this may be inconceivable for traditional
manufacturing methods [10].

There are various strategies to model L-BPF process including from part scale to particle scale.
This ranges from part scale or macroscopic models to mesoscopic and microscopic models [11-
13]. The thermal behavior, flow behavior is often predicted using mesoscopic models. The part
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scale models are generally utilized to predict and understand temperature distribution and residual
stresses in the parts [14-16]. In this work, a mesoscopic model based on FDM (Finite Difference
Method) was developed to simulate the thermal and flow behavior of high strength steel AF9628
in a powder bed system. The DEM (Discrete Element Method) was used to generate randomly
packed powder bed with realistic powder size distributions. The free surface evolution was
captured using VOF (Volume of Fluid) method. The modeling efforts were compared with
experimental results.

2. Numerical Model

The L-BPF process is a complex process involving various thermo-physical processes like
conduction, convection, radiation heat transfer, melting, evaporation and solidification. To
simplify the model and to make the models computationally inexpensive several assumptions are
made to simplify the process: 1) The powder particles are spatially fixed after powder bed
extraction, and they don't move during laser material interaction. 2) Except specific heat,
conductivity, viscosity, and surface tension some of the properties are considered temperature
independent for simplification. A commercial CFD software Flow-3D was used for modeling in
this study. Flow-3D is based on volume of fluid method. The software is capable of modeling free
surface flows with integrated multi-physics capabilities. This software is capable of effectively
modeling particle-particle interactions and generating powder beds using DEM. The beds
generated were then solved for thermal behavior and melt morphology.

2.1 Generating randomly packed powder bed

A discrete element model was developed with realistic powder properties. This model was used to
simulate the complex processes in SLM like settling and spreading. This model could predict the
powder bed density and factors that can affect the powder bed density.

2.1.1 Discrete Element Method: Discrete element method (DEM) is an effective way to analyze
the impact motion of many solid elements mainly particulate materials. It can be applied to a
variety of applications in combination with flow analysis. The particle-particle collisions are
modeled using Voight model in which the force between two particles upon collision is evaluated
using a combination of spring and a damper. The spring captures the force related to deformation
and the damper captures the force related to relative velocity upon collision in other words known
as viscous damping. For Voight model the spring and the damper are connected in parallel. The
force is divided into components in normal and tangential direction. To calculate the contact force
the material properties must be condensed in a spring coefficient and viscous damping coefficient.
Additional material properties required to model are discussed in table 1. The fundamental
equation for DEM and Voight model is presented below.

mia; =Y F.+g 1)

Where m; is the mass of the solid particle, a; is the acceleration of the solid particles, Fc is the
contact force due to particle interaction and g is the external force and gravity.

ETotal = Espring = EDpamper 2
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OTotal = Ospring T Opamper (3)

Where o is the stress and ¢ is the strain.
o ~ok-
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Figure 1. (a) Representation of particle-particle interactions (b) Voight model

2.2 Conservation equations:

The melt flow inside the melt pool is governed by Navier-Stokes equations. The free surface was
captured using VOF method. Fractional Area/VVolume Obstacle Representation (FAVOR) method
was used to deal with dynamic boundary problems. The Flow 3D utilized the following set of

equations to solve the conservation of mass, momentum, and energy.
ou , d(pw) + 9(pv) + a(pw) -0 (4)

Mass: E-l_ X ay 0z

Momentum: Z—‘: +(V.7)V = —%VP +uvV + G- BT T (5)

Energy: 2° + (V.7)H = %(\7. kVT) + S, (6)

Where p is the liquid density, u, v, and w represent the components of the velocity vector along X,
Y, and Z axes, respectively, V represents velocity of the melt metal liquid, , P represents
hydrodynamic pressure, u represents liquid viscosity, g represents the gravitational acceleration,
B represents volumetric thermal expansion coefficient of the material, T represents the fluid
temperature, Tm represents the melting temperature, k is the thermal conductivity, Sy is the energy
source term, and H is the enthalpy which is considered to be a linear function of temperature T,
depending on the solid fraction of the fluid.

The VOF method was employed to track the free surface evolution of the particles as they melted
into the melt pool, and it defined a function of the fraction of fluid as the following equation.

T +v.(VF) =0 )

where F represents the fluid volume fraction within the cell. F=1, when the cell is full of fluid, F
=0, when it is void. The value is between 0 and 1 when the void and fluid coexist in a cell.
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2.2.1 Realistic Powder Properties for Powder Bed Generation: The AF9628 powder was
analyzed using ASPEX SEM. The particle size distribution details can be found in figure 2. 80%
of the powder particles are below 25 um. 20% of the particles were between 25-80 um. This
realistic particle size distribution was used as input parameter to generate the powder beds using
DEM model. The properties listed in table 1 were used for simulating the powder beds in this
study.
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Figure 2. Realistic particle size distribution of AF9628

Table 1. List of properties required for modeling

Property Value
Coef. of static friction 0.2
Coef. of dynamic friction | 0.15

Coef. of restitution 0.3

Density 7 (g/cm?®)
Spring constant 20

Spreader velocity 0.125 (cm/s)
Layer thickness 60 um

2.3 Powder Bed Generation: The powder delivery process in a typical SLM process will follow
a powder settling step where the powder is delivered on the build plate through a hopper. This
delivered powder is then uniformly spread across the build plate using a powder spreading process.
The powder spreading process generally helps in powder compaction, achieving the prescribed
layer thickness and generating a dense powder bed. The steps in a typical powder spreading process
can be found in figure 3. We can see the particles have been initially settled on powder bed and
then a spreader uniformly spreads the powder across the powder bed generating a compact powder
bed achieving the predetermined layer height.
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Resulted powder bed

Figure 3. Schematic illustrating various steps in powder bed generation
2.4 Material physical properties

To simulate the SLM process, the thermophysical properties of AF9628 have been obtained using
JMatPro software. The properties used in the simulation are listed in table 2 and figure 4. The laser
parameters used in the simulation can be found in table 3.

Table 2. AF9628 material properties

Parameter Value Units
Ratio of specific heat 1.4 No units
Liquidus temperature™ 1763.5 K
Solidus temperature™ 1713.15 K
Accommodation coefficient 0.005 No units
Latent heat of fusion” 2.77E+09 erg/g
Heat transfer coefficient * 1.0E10 | erg/s/cm?/K
Latent heat of vaporization® | 6.3E010 cm?/s?
Saturation pressure” 1E06 g/cm s2
Saturation temperature” 2500 K
Vapor specific heat” 6E06 cm?/s? K
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Figure 4. Temperature dependent thermophysical properties of AF9628 obtained from
JMatPro

Table 3. Laser parameters used in the model

Parameter Value

Laser power 125& 75W
Scan speed 60 & 55 cm/sec
Laser spot size | 150 pm

Focal distance | 0.978 cm

2.5 Laser Material Interaction Model: A typical SLM process includes steps like powder
settling, powder spreading and laser material interaction. A schematic of SLM process is shown
in figure 5. The powder bed generated using realistic particle size distribution is extracted and
meshed to be used in laser material interaction. A meso-scale CFD model was developed to study
the laser material interaction on the powder bed. The laser material interaction is a complex
phenomenon which requires to capture various physics involved in it. The material properties
required to model laser material interaction are listed in table 2. For laser material interaction
temperature dependent physical properties of AF9628 like density, viscosity, specific heat, and
thermal conductivity were obtained using JMatPro. The temperature dependent properties can be
found in figure 4.
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Figure 5. Schematic of SLM process

2.5.1 Laser properties: The initial conditions and the laser parameters of the model setup are listed
in table 4 and table 5. The trial model was simulated to run time of 0.002 seconds.

Table 4. Initial conditions of the model

Boundary | Type

X-Min Wall at 293 K, Heat transfer coefficient 1.0E+05 erg/s/cm?/K
X-Max Wall at 293 K, Heat transfer coefficient 1.0E+05 erg/s/cm?/K
Y-Min Wall at 293 K, Heat transfer coefficient 1.0E+05 erg/s/cm?/K
Y-Max Wall at 293 K, Heat transfer coefficient 1.0E+05 erg/s/cm?/K
Z-Min Wall at 293 K, Heat transfer coefficient 1.0E+05 erg/s/cm?/K
Z-Max Pressure of 1.0e+05 dyne/cm?

(1.0e+04 N/m?)

Figure 6. Xactmetal XM200C laser material interaction model
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Table 5. Experimental Runs

Experimental Run | Laser Power (W) | Scan Speed (mm/s)
ER1 125 600
ER2 125 550
ER3 75 600
ER4 75 550

ER — Experimental Run

3. Results and Discussion

The experimental runs that have been modeled in Flow-3D have been analyzed to measure the
dimensions of the melt pool after simulating a single track on the generated powder bed. The
corresponding melt pool depths and widths have been measured in the models with the change in
laser power and scan speeds.

3.1 Experimental run 1: Laser power of 125 W and scan speed of 600 mm/s was used in this run.
The cross-section of the single-track melt pool can be found in figure 7. The figure shows the time
history of the melt region during the simulation. The red region was completely melted during the
laser interaction and solidified at the end of the simulation.
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Figure 7. The cross section of single-track melt pool (ER1)

3.1.1 Validation: The experimental deposition was performed using Xactmetal XM 200C machine
with the same parameters as ER1 (125 W laser power and 600 mm/s scan speed). The deposit was
then cut using high pressure waterjet cutting to obtain a sample to perform microscopy. The
obtained samples were then etched using 4% Nigalex solution for 90 seconds and 4% Nital. The
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specimen was then examined under optical microscope to obtain the micrographs with
distinguishable melt pools. From the micrograph, perfect single tracks right above the substrate
were identified and the melt pool depths and widths were measured using Image J. The average
value of the melt pool depths and widths have been reported. In figure 8, the optical micrograph
with single tracks can be seen and the dimensions of the melt pool from model as well as the
average values from the experimental deposition can be found.

8846 um 7714 pm
—>

(b)

Figure 8. (a) Optical micrograph of the printed specimen (b) The melt pool depths and
widths from model and the experimental deposition

3.2 Experimental run 2: Laser power of 125 W and scan speed of 550 mm/s was used in this run.
The cross-section of the single-track melt pool can be found in figure 9 (a). The melt pool depth
and width from the model and the experimental deposition can be found in figure 9 (b).

(b)

Figure 9. (a) The cross section of single-track melt pool (ER2) (b) The melt pool
depths and widths from model and the experimental deposition

3.3 Experimental run 3: Laser power of 75 W and scan speed of 600 mm/s was used in this run.
The cross-section of the single-track melt pool can be found in figure 10 (a). The melt pool depth
and width from the model and the experimental deposition can be found in figure 10 (b).
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Figure 10. (a) The cross section of single-track melt pool (ER3) (b) The melt pool depths
and widths from model and the experimental deposition

3.4 Experimental run 4: Laser power of 75 W and scan speed of 550 mm/s was used in this run.
The cross-section of the single-track melt pool can be found in figure 11 (a). The melt pool depth
and width from the model and the experimental deposition can be found in figure 11 (b).
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Figure 11. (a) The cross section of single-track melt pool (ER4) (b) The melt pool depths
and widths from model and the experimental deposition

From the models it was evident that at constant laser power of 125 W, the scan speed was affecting
the melt pool dimensions. The slower scan speed resulted in increased depths and widths, whereas
the increased scan speed resulted in relatively smaller melt pool depths and widths. Similar trend
was observed in 75 W models, the slower scan speed of 550 mm/s resulted in higher melt pool
depths and widths than the faster scan speed of 600 mm/s. The 125 W models namely ER1 and
ER2 were completely melting the layer (figure 10 (a) and figure 11 (a)). From the ER3 and ER4
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models it was evident that the laser power was not completely melting the layer (figure 10 (a) and
figure 11 (a)). The complete dimensions of the melt pools from all the cases can be found in table
6.

Table 6. Comparison of melt pool dimensions from model with experimental run

Model Experiment Model Experiment

Experimental | Melt pool | Melt pool Error | Meltpool Melt pool Error
R depth depth width idth

un epth (um) | depth (um) (%) (um) width (um) (%)
ER1 44.2 49.45 10.62 | 88.46 77.14 14.67
ER2 51.20 59.10 13.37 | 96.80 89.25 8.46
ER3 30.10 33.69 10.65 | 74.25 64.90 14.40
ER4 32.30 38.64 16.40 | 85.60 76.43 12.00

4. Summary and conclusion

In summary, powder beds with realistic powder properties were generated using DEM method.
The generated powder beds were irradiated with a moving laser heat source to study the melt pool
dimensions to understand the effect of laser power and scan speed. Experimental validation was
performed using Xactmetal XM200C machine. Both the models and experiments indicated that,
with the increase in scan speed the melt pool dimensions decreased. With the increase in laser
power the melt pool dimensions correspondingly increased. At constant laser power, the scan
speed affects the melt pool dimensions and vice versa. The 75 W models showed the formation of
lack of fusion defects indicating the laser power was not sufficient for the layer to melt completely.
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