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Abstract. The metal 3D printing technologies are a joining materials process to create the metal 3D parts through CAD
model, usually layer by layer, as opposed to subtractive manufacturing. This technology can be classified into four
methods: selective laser melting (SLM), binder jetting, materials extrusion and direct energy deposition (DED). The
process has advantages for producing near net shape parts, complex topology parts, lattice structure parts, manufacturing
tool, medical parts, aerospace parts, and automotive parts. Over the last decade, the metal 3D printing simulation models
were developed to investigate and predict the physical phenomena, thermo-mechanical behavior, and performance of
metal 3D printing parts in the metal 3D printing technologies. The present study aims to review the computer simulation
of metal 3D printing technologies. This review paper focuses on the numerical modelling and simulation in metal 3D
printing process, recent simulation case studies and trends in metal 3D printing which are involved with the process
parameters, temperature distribution, heat transfer, fluid dynamics, microstructure, porosity, melt pool characteristics and
residual stress. The information obtained from this study will be useful for the further research studies in the metal 3D
printing technologies.

INTRODUCTION ON METAL 3D PRINTING TECHNOLOGY

The metal 3D printing, also known as metal additive manufacturing (MAM) process, is becoming the next
industrial revolution [1]. MAM is defined by American Society for Testing and Materials (ASTM) as a process of
joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing, e.g. milling, turning and drilling [2]. The advantages of the metal 3D printing include zero tooling,
waste less, design freedom, producing near-net-shape parts, complex topology parts, lattice structure parts, and
customization [3, 4]. The technology is used to build products in the various applications such as jig & fixture, mold
and manufacturing tools, automotive parts, medical implant & healthcare, aerospace parts, lifestyle & sports, and
customization parts [5]. The metal 3D printing can manufacture full density metallic parts from metal alloys e.g.
titanium alloy, nickel-based superalloy, cobalt-chrome alloy, aluminium alloy, stainless steels and tool steels [6]. In
1997, Aero Mat can produce the first additive manufactured metal by using high-power laser to melt titanium alloy
powder [7]. Figure 1 shows the comparison of additive manufacturing process and subtractive manufacturing
process.
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FIGURE 1. The comparison of (a) subtractive manufacturing process and (b) additive manufacturing process [8].

CLASSIFICATION OF METAL 3D PRINTING TECHNOLOGIES

The metal 3D printing technologies that are most widely used are selective laser melting (SLM) or laser powder
bed fusion (L-PBF), electron beam melting (EBM), binder jetting, materials extrusion and direct energy deposition
(DED) [7].

Selective Laser Melting (SLM) or Laser Powder Bed Fusion (L-PBF)

SLM process use laser as a heat source for fully melting metal powder to create 3D part layer fashion [5]. Figure
2 shows the schematic of SLM process. In this process, the powder bed is created by raking metal powder across the
work space [9]. An energy source of laser is used to scan on each layer of metal powder bed to selectively melt the
material according to the part cross section obtained from the CAD model. After one layer has been scanned, the
piston under the product goes downward and the piston of the powder delivery goes upward by defined layer
thickness. The cycle is repeated layer by layer, until the complete part is formed. Finally, the part is visible after the
eliminated the excess metal powder from powder cake [5]. Usually the SLM process is conducted in an inert
atmosphere such as argon or nitrogen for shielding of the molten metal.

Laser

Scanning
mirror

Fused
powder

Unfused
powder

Roller

Powder feed
supply i "'

)

B
&/
- 7 |
I '
Powder feed Build Build Build

piston chamber  piston object

FIGURE 2. Schematic of laser powder bed fusion process [10].

Electron Beam Melting (EBM)

EBM process is similar to that of SLM process except the heat source, electron beam, for melting the metal
powder [11]. The EBM process must be conducted in a vacuum atmosphere due to the limitation of the electrical
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conductivity of material as shown in Fig. 3. The process is commonly applied for metallic applications, especially
for complex designs.

Electron beam
column

Filament

Astigmatism lens

Focus lens

Deflection lens

FIGURE 3. Schematic of electron beam melting process [12].
Material Extrusion

Material extrusion process has a similar operation method to that of metal injection molding (MIM). The process
begins with mixing the metal powder with polymer binder. Then, the mixed material is extruded through the nozzle
to create the 3D parts as layer-by-layer. The green body from this method needs to be sintered in an atmosphere
furnace for near full density and strong mechanical properties [12]. The advantage of this technique is to provide a
safe working environment where the operators can work without excess metal powder. Figure 4 shows the schematic
of material extrusion process.

Materials extrusion
Head printer

%/ Layer-by-layer

FIGURE 4. Schematic of material extrusion process [13].

Binder Jetting

The binder jetting technology is one of the main processes in metal additive manufacturing. This method works
by creating metal powder across the work space with powder roller. Then, the polymer binder is dropped from print
bar to the powder bed to produce the 3D object layer upon layer. Similar to material extrusion process, the green
body needs to be sintered for densification [12]. This technology is used for printing the complex topology shape
parts. The schematic of binder jetting process is shown in Fig. 5.
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FIGURE 5. Schematic of binder jetting process [14].

Direct Energy Deposition (DED)

DED is a material joining process using the thermal energy heat source from electron beam or laser beam for
melting the metal wire or powder. DED is generally used for large parts with manufacturing high performance super
alloys [11]. This method can combine easily with conventional processes to complete machining. The metallic
materials commonly used in the DED process are titanium, Inconel, stainless steel, aluminium and the related alloys
for aerospace applications [12]. Figure 6 shows schematic of direct energy deposition processes: (a) powder fed, (b)
wire fed.
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Direction of Travel g:o‘
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Melt Pool "

Powder Fed/Laser DED Process Wire Fed/Electron Beam DED Process
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FIGURE 6. Schematic of direct energy deposition processes: (a) powder fed, (b) wire fed [15].

NUMERICAL MODELLING AND SIMULATION IN METAL 3D PRINTING

The numerical modelling and computer simulation are useful for investigation and prediction of the underlying
physical phenomena, and thermal-mechanical behavior that can occur during the metal 3D printing process such as
temperature distribution, heat transfer, melt pool dynamic, melt pool geometry, phase transformation, melting and
solidification, Marangoni convection, microstructure evolution, residual stress, and distortion [16]. Figure 7 shows
the typical of physical phenomena during metal 3D printing process. Currently, the numerical modelling can now
support the metal 3D printing process in terms of SLM, direct metal laser sintering (DMLS), DED, and EBM [17,
18]. The numerical modelling and simulation provide a better understanding of designing parts, an ability to
optimize production, lower manufacturing costs, knowledge to improve metal 3D printing processes [19]. In metal
3D printing process, the numerical modelling was modelled on multi-scale of length to explain several aspects of the
process [16].
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FIGURE 7. Typical of physical phenomena in metal 3D printing process [16].

A previous study [20] summarized that the computer simulation modelling in metal 3D printing has been
classified into four levels including (1) micro-scale (10° m to 10° m), (2) particle scale (10° m to 10 m), (3) meso-
scale (10 m), and (4) macro-scale (10 m to 1 m). The multi-scale modelling of the metal 3D printing process is
illustrated in Fig. 8. The details of each level can be explained as follows:

micro-scale I particle scale meso-scale macro-scale
(10”° m to 10-° m) (105 m to 103 m) (103 m) (103 m to 1 m)

FIGURE 8. The multi-scale modelling of the metal 3D printing process [21-24].

Micro-Scale Modelling (10° m to 10° m)

Micro-scale modelling, such as phase field modeling is carried out to predict the microstructure evolution during
non-equilibrium condition with rapid cooling rate and effect of thermal cycle in metal 3D printing process [20]. It
includes modelling of solidified materials, phase formation, solid state phase transformation, solidification
segregation of alloys, grain structure, grain-oriented direction, etc. Radhakrishnan et al. [25] developed the large-
scale phase field simulations of microstructure evolution during thermal cycling of Ti-6Al-4V. The study aimed at
investigating the influence of the energy contributions from thermodynamics, interfacial energy and strain energy on
the variant selection for different levels of undercooling and nucleation rate. They found that the phase field
simulations are able to present the basket weave or colony structure formation when the transformation temperature.
A prior research study [26] has established a two-dimensional numerical modelling to simulate the of grain structure
evolution during the laser additive manufacturing process. The numerical modelling is based on the cellular
automata (CA) and finite-difference (FD) methods. The CA method is used to analyze grain growth. The results
from the study is in agreement with the experimental data describing the main characteristics of the grain structure.
The model can be applied to predict and optimize the grain structure produced by the laser additive manufacturing
technique [26]. Figure 9 shows the example of simulated microstructure of SLM steel (with each new powder layer
the melt pool moves in the horizontal direction).
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FIGURE 9. The example of simulated microstructure of SLM steel [26].

Particle-Scale Modelling (10° m to 10° m)

The particle-scale modelling is a common model in SLM and EBM process. This numerical modelling was built
to investigate particle interactions, particle distribution size, powder spreading, and particle packing density [27].
The discrete element method (DEM) was performed to simulate the motion of a large number of individual particles
including contact interactions between particles and particles, and particles and walls [23]. The Discrete Element
Method (DEM) is a numerical modelling process for simulating the behavior of both continuous and discontinuous
material systems [28]. In the previous research [23], the powder particle packing model based on discrete element
method (DEM) was used to study the simulation of powder packing. The powder particles are defined as elastic
spheres with various radius. The powder container of the particles is provided as rigid walls. Individual particle has
six velocity components three translational and three rotational in the x, y and z axis of a cartesian coordinate
system. The Inconel 718 with spherical shape was used in the study. The two-particle size condition such as mean
radius of 12.7 um, and mean radius of 17.3 um were considered in the study. Figure 10 illustrates the stack-up of
powder particles calculated by using the DEM model with different particle size distributions (a) mean radius of
12.7 ym and (b) mean radius of 17.3 um.

001-

(b)

FIGURE 10. The stack-up of powder particles calculated by using the DEM model with different particle size distributions
(2) mean radius of 12.7 pm and (b) mean radius of 17.3 um [23].
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Meso-Scale Modelling (10 m)

This scale is mainly used for the simulation of heat transfers, molten fluid flow, melting and solidification,
Marangoni effect, and balling effect formation. In the SLM process, a complicate thermal history takes place in the
metallic metal 3D printing part and involves with directional heat extraction, repeated rapid melting and rapid
solidification [29, 30]. Heat transfer models are quite complex due to the laser scanning rates and the occurrence of
phase transformations in a short period of time [31]. Heat transfer process consists of powder bed radiation,
convection, and heat conduction inside the powder bed and between the powder bed and substrate. Fourier heat
conduction, heat convection, and heat radiation models are most commonly used for the simulation of heat transfer
process in SLM [32]. The model of fluid dynamics and Marangoni effect in SLM process is based on mass,
momentum and energy conservation equations with the volume of fluid (VOF) method [23]. The VOF was utilized
for tracking position and shape of the molten pool surface. The molten fluid flow is assumed to be incompressible
and Newtonian with laminar flow [23]. In a previous research study [33], the model from [34] has been expanded to
a three-dimensional model by considering the thermal behavior and fluid dynamics in the molten pool caused by
buoyancy forces and Marangoni effect. Marangoni effect is the phenomena which relates to the mass transfer along
an interface due to the surface tension gradient. In the melt pool, the strong temperature gradients at the laser hot
spot cause surface tension which depends on temperature. Panwisawas et al. [22] developed the mesoscale
modelling of SLM process to investigate and predict the effect of process parameters including layer thickness and
scanning speed on the surface morphology of Ti-6Al-4V by using thermal fluid dynamics calculations. The material
used in this study was Ti-6Al-4V powder in the size range of 20-50 um. The single-track scanning was performed
on powder layers with different thicknesses ranging from 20 pum up to 100 um with laser power of 400W at
scanning speed 2400 mm/s. They discovered that thermal fluid flow results of single scanned tracks are consistent
with experimental study. The results suggest that the melted tracks become increasingly irregular shaped when the
layer thickness and laser scanning speed increase. The surface morphology of single track with different layer
thickness is shown in Fig. 11.

190pm

FIGURE 11. The surface morphology of single track with different layer thickness (a) 20 um, (b) 60 um, (c) 80 pm, (d) 100 um
with laser power of 400W and scanning speed 2400 mm/s [22].
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Macro-Scale Modelling (10°m to 1 m)

The final level of numerical modelling and simulation of metal 3D printing process is macro-scale modelling.
The utilization of this scale is to simulate and predict the thermal-mechanical behavior such as temperature
distribution, residual stress, and distortion [21]. Modelling of this level is based on finite element analysis (FEA).
Ninpetch [35] studied the effect of process parameters including laser power and scanning speed on the temperature
distribution in the SLM process by using the commercial CFD software simulation Flow-3D (Flow-weld). The
results suggest that at the higher laser power and lower scanning speed, the temperature field has a larger region of
heat distribution than that of lower laser power and high scanning speed due to heat accumulation. Figure 12, 13
exhibits the effect of laser power and scanning speed on temperature distribution in SLM process.

Temperature Selected (deg-C)
Temperature Selected (deg-C)

16004003
107564003 l
550064002 M

25004001

1.600e+003
107524003
550084002 N

2500e4001

Laser power = 120 W Laser power = 140 W
Scanning speed = 0.4 m/s Scanning speed = 0.4 m/s

FIGURE 12. The effect of laser power on temperature field during SLM process [35].

T (deg.C
Temperature Selected (deg-C) emparature Selected (deg-C)

160024003 1600e+003

10754003 1075e+003

5500e+002 H § 50084002

2500e+001 2500e+001

Laser power = 120 W Laser power =120 W
Scanning speed = 0.4 m/s Scanning speed = 0.6 m/s

Temperature Selected (ceg-C)
1.6002+003
1.075e+003
5 500e+002
2500e+001

Laser power = 120 W
Scanning speed = 0.8 m/s

FIGURE 13. The effect of scanning speed on temperature field during SLM process [35].

Prabhakar et al. [36] developed the computational modeling to simulate residual stress formation in the EBM
process within an Arcam machine for Inconel 718. Thermal and stress analyses are performed with the finite
element analysis to observe the deformation and stresses in the tensile test specimen build and the base plate. The
simulation results indicated that the warping in the base plate and the build occurred during the formation of the first
few layers. Furthermore, the warping was also exposed during the cool down step. Figure 14 shows the
computational results of the tensile test specimen build in the base plate in which the red contour depicts the effects
of warping. [36]
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FIGURE 14. The computational results of tensile test specimen build showing the effects of warping [36].

Topology Optimization of Part Modelling

Besides the modelling mentioned above, one of the numerical modelling to design parts in metal 3D printing
process is topology optimization. It is a mathematical method to provide the optimum distribution of material in a
parts design for a given set of loading and boundary condition [37]. The model is based on FEA. This method is
conducted by removing the material from the location where it is not essential to support the specific load or specific
boundary condition. The final result of topology shapes, which resemble tree branches and bones obtained from this
method are not constant in cross section [37]. The topology optimization modelling starts with creating a coarse 3D
model and defining the specific load and boundary conditions into parts. The optimization software is then
calculating all the constraint applied. After that, the dispensable regions will be eliminated. Final geometry with both
mechanical and design requirements will be obtained [38]. Figure 15 shows the workflow step of topology
optimization of part modelling.

Workflow Step Example

Exported STL Modelin SC
Inial Geometry Boundary Limits Prep for Topo Optimization Optmized Geometry Fix, Clean, Reduce, Smooth

Convert to Solid in SC

PRINT Optmized Model Analyze Optimized Model Re-mesh Optimized Model

FIGURE 15. Workflow step of Topology optimization of part modelling [39].

CUTTING-EDGE METAL 3D PRINTING SIMULATION SOFTWARE

The simulation software is a valuable tool to gain the body of knowledge of several aspects in the metal 3D
printing technologies [18]. This kind of software helps users to obtain the best orientation of parts, understand the
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thermo-mechanical evolution, and predict distortion of parts in the metal 3D printing process [18]. Table 1. shows
the list of cutting-edge metal 3D printing simulation software.

TABLE 1. The list of cutting-edge metal 3D printing simulation software [19].

Software Features

Ansys Additive print - To design topology optimization, thermal analysis and lattice structures

- To validate the design of metal parts

- To create optimal support structures and generate distortion-compensated STL
files.

- To understand the properties of the final printed part.

AL

iy & L=

Flow-3D / Flow-weld - To simulate the powder distribution, the melting of powder, melt pool formation
FLOW & and solidification
Weld - To help the optimization printing parameters and provide a better understanding
3 of powder microstructure.
FLOW—?D
COMSOL multiphysic - To optimize the metal 3D printing process for metals.
COMSOL [ - To predict the mechanical and microstructural properties of the final product like

MULTIPHYSICS® final shape, deformation, and stress levels.

ESI Additive manufacturing - To simulate manufacturing defects, residual stresses and porosity levels.
- To predict the behavior of a final part quality (for example, surface roughness

' and distortions) after removal from the build platform.
get it right®
GENOA 3DP - To predict deformation, residual stress, and voids in parts produced additively.
4| GENOA - To find optimal printing conditions
4 | dae Gvmoirin - To predict fracture, failure type and percentage of contribution by a failure type

Additive Works” Amphyon - To simulate various stages of the additive manufacturing process, from the
printing process itself to post-processing steps, like the removal from the build

‘Amph"y'o"ﬁ 2017 plate and secondary heat treatment.

Simufact’s Additive - To identify the best build orientation, optimize support structures automatically

& . and identify potential manufacturing issues
SImeaCt - To provide distortion compensation by defining tolerable deviations and then
WSS RSoftware Company generating the geometry with the minimal deformation.

Autodesk’s Netfabb - To predict the thermal and mechanical behaviour of parts, identifying

’ | AUTODESK deformations in a virtual environment.

\ NETFABB’ - To performed on complex parts much faster than with local solvers.

Dassault Systemes SIMULIA - To predict part distortions, residual stresses, and microstructures in metal and
= composite parts.
5S SIMULIA postte p
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THE INFLUENCE OF PROCESS PARAMETERS IN METAL 3D PRINTING PROCESS

The quality of final parts can be determined by various process parameters in the metal 3D printing technologies.
The main process parameters are laser power, laser spot size, scanning speed, hatch spacing, layer thickness,
scanning pattern, powder distribution, packing density, cooling rate and working atmosphere. During the metal 3D
printing process, it involves several complex multiphysics such as the materials absorption, heat transfer, molten
fluid dynamic, and phase transformation etc. These multiphysics have significant influence on the density, porosity,
mechanical properties, microstructure, melt pool geometry, and residual stress of final parts. This section will
discuss the effect of process parameters in metal 3D printing process.

The experimental results from previous research on porosity indicated that the density is increased with the less
porosity inside the structure of metal 3D printing parts [40,41]. The porosity is decreased when the scan speed
decreases and the laser power increases [42]. When increase layer thickness and hatch spacing showed that in
porosity increases [43]. The melt pool shape is determined by laser process parameters and the thermal conditions
near the melt pool [44]. The shape of melt pool can change from ellipse shape to tear drop shape when scanning
speed is increased [45, 46]. It has an influence on the fusion zone grain structure. The geometric characteristics of
laser melted tracks strongly depend on the laser process parameters and surface tension force of materials. Surface
tension can be influenced by process parameters. [45]. X. Zhao et al. [47] used the experimental study to create a
single melted track mapping with different laser power and scanning speeds of AISI 420 martensitic stainless steel.
They summarized that (1) discontinues melted track with balling effect, (2) continue melted track, and (3) continue
melted track with crack. The discontinuous track with balling effect can expose when the lower laser power and high
scanning speed are applied. This phenomenon occurs due to the insufficient of laser energy heat source to fully melt
the metal powder bed. The balling effect can be controlled by effect of process parameter such as laser power,
scanning speed and the oxygen content in atmosphere. The continuous melted track can be formed when the
properly laser process parameters are applied (e.g. higher laser power and slower scanning speed) [47]. The
discontinuous track with fragment can be formed with the lower laser power and lower scanning speed. The laser
melted track cannot completely melt and also caused high residual stress and cracks [47].

The width and depth of single melted track formation are increased when the higher laser power and lower
scanning speed are applied [46, 48, 49, 50]. The experimental study [51, 52, 43] presents that the aperture between
two neighboring tracks is increased and leads to separation with an increase of hatch spacing. The superior
mechanical properties of final parts occur when the properly process parameters are applied [7]. The tensile strength
of metal 3D printing parts is an anisotropy behavior. The results from [7, 53] reveal that horizontally built direction
of SLM parts showed better ductility and vertically built direction showed a proper combination of strength and
ductility. The built direction at a 45° angle had the worst tensile strength of all [55]. The hardness of material
increases when the porosity is decreased [55]. Due to rapid cooling rate and small grain size, the SLM process can
produce the final parts with higher micro harness than that of the conventional process (e.g. casting, forging, and
welding) [46, 7]. In [52], they reported that the roughness on the top surface of parts will improve when using low
hatch spacing with low scanning speed and higher laser power. One of the major problems of SLM final parts is
residual stresses and distortion due to the temperature gradient in the process [20]. The residual stress is a stress
within metal 3D printing parts that remain with the removal of the applied force [20]. The Island scanning pattern
can reduce the porosity but lead to enhanced the residual stress. Smaller island scanning pattern presented the lower
residual stress than larger island. In addition, the pre heating the substrate help reducing the residual stress [56]. The
materials microstructure from SLM process generally consist of overlapped melted pool tracks with crystallized
grains of cellular-columnar structure oriented according to thermal gradient direction. The cellular-columnar
microstructure is typical solidified metal under rapid cooling rate and rapid solidification. [57].

RECENT CASE STUDIES OF SIMULATION IN METAL 3D PRINTING

Over the last decade, several researchers [58, 59, 60] have investigated and built numerical models to simulate
the complex physics such as the heat transfer, molten fluid flow, melting solidification, melted track characteristic
phenomena, residual stress, and parts performance in metal 3D printing technologies. This section will show and
discuss the eight examples of metal 3D printing simulation case studies.
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Case Study 1 Thermal Behavior in Selective Laser Melting (SLM) Process

Y. Li and D. Gu [61] have developed a 3D finite element (FE) model to study the effect of laser processing
conditions on thermal behavior of pure titanium powder in selective laser melting (SLM) process. The study
considers the temperature-dependent thermos physical parameters and the Gaussian distribution of the heat flux. The
commercial computer simulation software ANSYS multiphysics FE package was used in the study. The 3D FE
model used in the study with scanning pattern is shows in Fig. 16 (a). They found that: (1) the average temperature
of the powder bed gradually increased during laser source scanning because of the heat accumulation, (2) the
maximum temperature gradient in the molten pool increased slightly when the scanning speed was increased from
50 to 200 mm/s, but increased significantly when the laser power was increased from 100 to 200 W, (3) the width
and depth of the melt pool decreased when scan speed was increased from 50 to 200 mm/s, (4) the microstructure
was investigated to verify the reliability of the physical model and there was less balling and pore formation with
laser power of 150 W and scanning speed of 100 mm/s which are the optimum condition for liquid formation and
wettability in this case. Figure 16 (b), (c) shows an example temperature distribution during SLM process simulation
with laser power of 100 W and scanning speed of 100 mm/s. Figure 17 shows the influence of the scanning speed
(a), laser power (b) on the width and depth of the molten pool, and (c) an example of SEM images of surface
morphology of SLM processed Ti sample with laser power of 150 W and scanning speed 100 mm/s.

1
i
s
!
i

Substrate

(b)
(a) (c)
zﬁ'sis?sﬂei 1283 1505;”9
FIGURE 16. An example of temperature distribution during SLM process with laser power of 100 W and scanning speed of 100
mm/s [61].
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FIGURE 17. The influence of the scan speed (a) and laser power (b) on the width and depth of the molten pool. An example of
SEM images of surface morphology of SLM processed Ti sample with laser power 150 W and scanning speed 100 mm/s (c)
[61].

Case Study 2 Mesoscopic Simulation of Heat Transfer and Fluid Flow in SLM
Y.S. Lee and W. Zhang [23] solved the 3D transient numerical mesoscale model of Inconel 718 powder bed with
a mesh size of 3 micron considering the volume of fluid method (VOF), particle size distribution and packing

density. The numerical model is applied in order to understand the effect of laser power, scanning speed, powder
size distribution, and powder packing characteristic on the balling effect formation in laser powder bed fusion
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(SLM) process. The 3D powder bed simulation model was studied by CFD simulation software Flow-3D/Flow-
weld. The research consists of two models in sequence. The first model, powder particle packing model, was solved
by discrete element method (DEM), The second model, heat transfer and fluid flow model, was solved by finite
difference method and volume of fluid (VOF) method. The 3D CAD model used in the study were powder layer
with thickness of 50 pm on the substrate as shown in Fig. 18. Figure 19 presents the results of molten pool
simulation with scanning speed of 1.1 m/s, laser power of 150 W and 45% packing density. From this study, they
found that too fast scanning speed and too low laser power can increase the chance of discontinuous molten pool and
the balling effect. The effect of particle size distribution on molten pool formed is shown in Fig. 20. Large particle
size distribution causes the partial melting. This phenomenon occurs due to the higher mass and volume of particle.
When using the small particle size distribution, the full melting can be formed.

FIGURE 18. The 3D CAD model used in the study consists of powder layers with of thickness 50 pm on the substrate [23].

Temp.(K)
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FIGURE 19. The results of molten pool simulation with scanning speed 1.1 m/s, laser power 150 W and packing density
45%.pool [23].
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FIGURE 20. The effect of particle size distribution on molten pool formed [23].

Case Study 3 Temperature Distribution and Melt Pool Geometry in SLM Process

Ninpetch et. al. [35] studied the influence of process parameters on the melt pool geometry and single melted
track characteristic of AlISI 420 in the SLM process by using the commercial CFD software simulation, Flow-3D /
Flow-weld. The results of the study were validated with the results from a previous research study [47]. Heat
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transfer simulation model in SLM process consists of heat conduction, heat convection, and heat radiation The latent
heat evolution arising from phase change during the tranformation from solid to liquid in the process can be applied
in modelling [23]. The molten fluid flow simulation model of SLM process is based on numerical solution of mass,
energy and momentum conservation, and the volume of fluid (VOF) method. The VOF is used to track the position
and shape of the molten pool surface. The molten fluid flow is assumed to be incompressible and Newtonian with
laminar. In the simulation, the Gaussian laser moving heat source model and a computational mesh of around
375,000 cells were used in this study. Table 2 presents the materials properties of AISI 420 stainless steel from
Flow-3D database and process parameters used in this study.

TABLE 2. Materials properties of AISI 420 and Process parameters used in this simulation study [62].

The thermal-physical properties of AISI 420 martensitic used in the research including density, thermal

Materials properties and process Value (unit)
parameters
Liquidus 1510 (°C)
Solidus 1454 (°C)
Latent heat of fusion 3.04 x 10° (J/kg)
Viscosity 0.05 (kg/m/s)

Laser power
Scanning speed

120, 140 (Watt)
0.4, 0.6, 0.8 (m/s)

conductivity, and specific heat are plotted in Fig. 21 [62].
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FIGURE 21. Thermal-physical properties of AISI 420 stainless steel including density, thermal conductivity, specific heat [62].

From the study, the results show that when the scanning speed increase, the geometry of melt pools can be
tranformed from ellipse shape to tear drop shape as shown in Fig. 22. Melt pool geometry can determine the density,
porosity and surface roughness of final products. Figure 23 shows the longitudinal section view of molten metal
pool, which is parallel to the laser scanning direction. The temperature distribution and velocity flow field are
plotted as the color contours and the arrows. The molten metal pool boundary is presented in red color at 1600 °C,
which is the melting temperature of steels. The surface tension at the center of melt pool is lower than the back
region of molten metal pool, thereby leading to the backward flow of the molten metal near the surface. The surface
tension will induce the Marangoni flow from lower surface tension region to higher surface tension region.
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Laser power = 120 W

Laser power = 120 W I
Scanning speed = 0.6 m/s

Scanning speed = 0.4 m/s
FIGURE 23. Longitudinal section view of molten metal pool and fluid flow in molten metal pool [35].

Figure 24 and 25 present the effects of scanning speed on single track formation width and depth. The width and
depth of single melted track formation are increased when lower scanning speed is applied. The results from the
simulation is in agreement with the experimental results as shown in Fig. 26 (a).

0g0n Selac mel region Selected

La{ser power = 140 W ¢- Laser power =140 W E==———u—
Scanning speed = 0.4 m/s Scanning speed = 0.6 m/s

mok region Selectod

Laser power = 140W  ox oz o om0
Scanning speed = 0.8 m/s

FIGURE 24. The effect of scanning speed on the width of single-track formation [35].
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FIGURE 25. The effect of scanning speed on single track formation depth [35].
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FIGURE 26. The simulation results validated with experimental results (a), The effect of process parameter on the width of
single track formation [35].

Case Study 4 Multi-Scale and Multiphysics Modelling in SLM Process

N. P. Lavery et.al [63] developed a computational modelling of the powder melting at microscale in additive
layer manufacturing. This simulation model comprises of melting and solidification based on the enthalpy-porosity
method, free surface, multiple phase (e.g. solid, liquid, and gas), force and natural convection of argon gas, laser
beam energy source, material properties with temperature dependent, and surface tension. In the study, discrete
ordinate radiative heat transfer model in FLUENT using User Defined Functions (UDFs) was applied to design the
laser source moving along the top boundary. A three-powder layer modelling on substrate was used as a geometry
model. The process parameters used the study include laser power of 200 W with the focal diameter size of 70 um,
and the powder particle size of 70 um respectively. Figure 27 shows the melt pool modelling by using FLUENT
software.

FIGURE 27. The melt pool modelling using FLUENT software [63].

Case Study 5 Physical Phenomena of Refractory Metals in SLM Process

K.-H. Leitz [64] studied physical phenomena of refractory metals in selective laser melting process by using
COMSOL Multiphysics with Computational Fluid Dynamics and the Heat Transfer module of finite element
simulation software package. The numerical model consists of laser absorption on the metal surface, conductive and
convective in the metal and the ambient atmosphere, melting, solidification, and evaporation. The example of
simulation model for SLM is shown in Fig. 28. In this study, multiphysical modelling was used to analyze the
influence of process parameters on physical phenomena and melted track characteristic of refractory metals (e.g.
Steel and Molybdenum). The geometry model used in the study consists of a powder layer on a substrate plate. It
was found that the melt pool occurs when laser radiation is absorbed on the surface of the metal powder. For steel,
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the long melt pool with evaporation can be formed during the SLM process. Whereas, the size melt pool of
molybdenum is small without evaporation due to the high thermal conductivity of material. Figure 29 present the
melted pool and molten fluid flow characteristic of (a) steel powder bed and (b) molybdenum powder bed in SLM
process.

temperature T [K]

A 3320
x10°
5

evaporation

melt pool
molten track

powder

projection of 1
laser intensity 05
distribution
0
v 293

base plate

FIGURE 28. The example of simulation model for SLM [64].

starting phase stable process laser off

FIGURE 29. Molten fluid flow characteristic of (a) steel, (b)molybdenum powder bed in SLM process [64].

Case Study 6 Parametric Study of Surface Morphology for Selective Laser Melting (SLM)
Process

Y.C. Wu et al. [65] developed a three-dimensional (3D) numerical model to investigate the effect of process

parameter, scanning speed, on the surface morphology of Ti-6Al-4V powder bed in selective laser melting (SLM)
process with numerical and experimental method. The surface morphology can be obtained from free surface of melt
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pool which is calculated by the Volume of fluid (VOF) method. Figure 30 (a) presents the simulation model which
consist of the Ti-6Al-4V powder bed with particle size of 35 um and the Ti-6Al-4V bulk for substrate. The
numerical simulation was performed by commercial CFD simulation software flow-3D. To evaluate the surface
morphology, firstly, the surface contour obtained by simulation and experimental study were divided into fifteen
points equally as shown in Fig. 30 (b). Then, the melted track heights at each point were measured to finally
calculate the surface variation by using Equation (1).

M idth
elt track wi Ti6Al4V powder bed

Surface morphology of the melt track
1.12 mm | Simulation
R

FIGURE 30. (a) simulation model, (b) The assessment of surface morphology from simulation result [65].

The surface variation is described as follows:

M

Surface variation =

where H; is the height from each divided point of the melt track, and H,q is the average height.

From the study, they discovered that the flat surface morphology can be obtained when higher scanning speed is

applied as shown in Fig. 31 (a). Figure 31 (b) presents the results from the simulation is in agreement with the
experimental results.
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FIGURE 31. (a) surface morphology with varied scanning speed, (b) simulation and experiment result of Surface variation [65].
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Case Study 7 Multi-Track Simulation of Electron Beam Melting (EBM) Process

W. Yan et.al [66] developed the multi-track simulation of electron beam melting (EBM) process to investigate
the influence of scanning path and hatching distance on layer formation. The scanning path is one of the significant
laser process parameters to create full dense parts and smooth surface. The two types of the scanning path used in
the study were (a) Z-shaped and (b) S-shaped as shown in Fig. 32. The hatching distance (distance between two
neighboring tracks) were set to 0.2, 0.24, 0.26, and 0.32 mm respectively. The material used in the study was Ti-
6Al-4V powder. The laser power of 60 W and scanning speed of 0.5 m/s were applied in the study.

Electron beam

FIGURE 32. The two type of scanning path used in the including (a) Z-shaped and (b) S-shaped [66].

In Fig. 33 (a), (b), (c), and (d), the cross section of layer formation with different hatching distance at a given x
position of 0.35 mm, 1.04 mm and 2.06 mm are displayed. The red color contour shows the melt region and the blue
color presents solid or unmelt region. In the cross sectional microstructure, the effect of hatching distance can be
observed more clearly. When the gap between two neighboring tracks is increased, the separation with an increase
of hatching distance occurs.

x=0.35 mm x = 1.04 mm X =2.06 mm

) ﬁ ” " |
H=0.2 mm H H
.‘.7 . o 0 o ~ [
H=0.26 L TR ~
-
S
H=0.32 mm

FIGURE 33. (a), (b), (c), and (d) the cross section of layer formation with different hatching distance at a given x position of
0.35 mm, 1.04 mm and 2.06 mm [66].
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Case Study 8 Thermal-Mechanical Behavior Modelling

L. V. Belle [24] investigated the numerical simulation of complex shape part, turbine, fabricated by selective
laser melting (SLM) process. This numerical modelling based on finite element method (FEM) which are used to
study and predict the residual stress and distortion. Figure 34 illustrates the turbine geometry with fifteen sliced
layers used for the investigation. The layer thickness of each layers is 40 um. The mesh of around 2.6 x10° elements
was used in the study. The thermal condition in the numerical modelling consists of (1) heat transfer between the
bottom face of building platform and the additive manufacturing machine platform and (2) heat transfer between
another face and powder bed. The initial temperature was 40°C. For mechanical condition, the bottom face
displacement of building platform was set to block in vertical direction. The material used in the study was maraging
steel. The procedure of this numerical study was firstly started with building the first sliced layer at a temperature of
1400°C. Then, the next sliced layers were repeatedly built one by one until all part layers are completed.

I Activation of the 10 layer

FIGURE 34. The turbine geometry formed fifteen sliced layers [24].

From simulation results of this study, it was found that, (1) due to heat accumulation and reducing the thermal
gradients, the residual stress is slightly lower on the top surface of the turbine as shown in Fig. 35 (a), (2) the value
of Von Mise stress reached 1200 MPa, which is close to the strength of maraging steel at room temperature, and (3)
distortions reached 0.8 mm at the edge of turbine blades, as shown in Fig. 35 (b).
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FIGURE 35. Residual stresses and distortions field of the turbine complex part [24].
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TABLE 3. Numerical Simulation model from literature review

Process Parameters

Material Process Laser Scanning Laser spot Hatch References
power speed size spacing
(W) (mm/s) (mm) (mm)

Inconel 718 SLM 100-300 200-2,5000 N/A N/A 67
AISI 316L SLM 210 12.7 0.9 N/A 68
Hg;:’é?rl'_" fg‘;e' SLM 175 740 0.07 N/A 69
Ti-6Al-4V EBM 120-360 100-1,000 0.4-1.0 N/A 70
Ti-6Al-4V EBM 30-90 500 0.2 0.2-0.32 66
Titanium SLM 100-200 50-200 0.1 0.05 61
Inconel 718 DMLS/EBM 185-500 1,200-5,000 N/A 0.1-0.18 36
AIlSi10Mg SLM 150-300 100-400 0.07 0.05 71
Ti-6Al-4V SLM 140-210 850-1450 0.035 N/A 65
Steel LBM 200 1000 0.1 0.1 72
AISI 316L SLM 50-400 750-6,000 0.027 N/A 73
Inconel 625 SLM 195 N/A 0.1 0.1 74
Inconel 718 SLM 150-200 1.1-2.3 0.1 N/A 23
AISI 420 SLM 120-140 400-800 0.08 N/A 35

SUMMARY AND CONCLUSIONS

In this paper, the review a computer simulation of metal 3D printing can be summarized as follows: (1) The
numerical modelling and computer simulation are useful for investigation and prediction of the underlying physical
phenomena, and thermal-mechanical behavior that can occur during the metal 3D printing process, (2) The
numerical modelling can now support various types of the metal 3D printing process such as selective laser melting
(SLM), direct metal laser sintering (DMLS), direct energy deposition, and electron beam melting (EBM), (3) the
Computer simulation modelling in metal 3D printing has been classified into four levels including micro-scale (107
m to 10° m), particle scale (10° m to 10 m), meso-scale (10 m), and macro-scale (10° m to 1 m), to explain
several aspects of the process, and (4) the simulation software is a valuable tool to gain the body of knowledge of
several aspects in the metal 3D printing technologies. Additionally, the authors’ future work will be focused on the
numerical modelling of multiple track formation (layers) and multi-layers powder bed of medical materials Ti-6Al-
4V alloys to investigate and improve the metal 3D printing process for implantable medical device applications. The
results from the future work will be beneficial to the development of Thailand’s implantable medical device quality.
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