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Abstract: The process parameters of selective laser melting (SLM) significantly influence molten pool
formation. A comprehensive understanding and analysis, from a macroscopic viewpoint, of the
mechanisms underlying these technological parameters and how they affect the evolution of molten
pools are presently lacking. In this study, we established a dynamic finite element simulation method
for the process of molten pool formation by SLM using a dynamic moving heat source. The molten
pool was generated, and the dynamic growth process of the molten pool belt and the evolution
process of the thermal field of the SLM molten pool were simulated. Then, a deposition experiment
that implemented a new measurement method for online monitoring involving laser supplementary
light was conducted using the same process parameters as the simulation, in which high-speed
images of the molten pool were acquired, including images of the pool surface and cross-section
images of the deposited samples. The obtained experimental results show a good agreement with the
simulation results, demonstrating the effectiveness of the proposed algorithm.

Keywords: selective laser melting (SLM); molten pool; moving heat source; thermal field

1. Introduction

Additive manufacturing (AM), first established over 20 years ago, is a process by which a part is
built layer by layer under an applied external energy source, such as a high-energy laser beam or an
electronic beam [1]. Though developments in recent decades have led to the successful achievement of
certain mechanical properties and microscopic characteristics, the applications of AM remain limited.
So far, only a few particular categories of AM are thought to be able to produce reliably dense parts [2,3].
Although the advantages of AM are widely recognized, many technical challenges remain to be
resolved to achieve wider application in modern industry [4,5]. One of the key issues with AM is the
characteristics of the molten pool induced during heat transfer in the heating and cooling cycles in the
AM process because unbalanced pools readily cause thermal stresses and distortions in the additive
manufactured parts [6,7], which are the major obstacles preventing AM technology from being more
widely accepted [8,9].

The powder used in AM is heated through laser irradiation with a high-energy laser beam,
the powder melts quickly due to rapidly reaching its melting point, forming a melting pool of a
particular size corresponding to the geometric characteristics of the laser spot. Numerous physical
processes occur simultaneously, such as outward heat transfer and splashing of the molten pool.
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Especially after the laser beam is removed, the molten pool starts to cool and solidify, during which a
complex phase transition process occurs [10,11]. As the subsequent sedimentary layer is heated via
heat transfer, this reheating results in a complex change in the shape of the pool. The shape of the
molten pool simultaneously plays an important role in determining grain shape, dendrite growth,
and thermal stress formation [12], and even affects the deformation of the part after it is finally formed.

1.1. Mesoscopic Simulation in Metal Powder

Many scholars have used simulation modeling to investigate the mesoscopic features occurring
during selective laser melting (SLM) processes [13-17]. Carolin et al. [13] built a 2D lattice Boltzmann
model to investigate melting and resolidification of the powder bed under the irradiation of a Gaussian
beam during selective beam melting. They clearly described the process from individual powder
particles to melting and refreezing. Saad et al. [14] developed a 3D mesoscopic model to simulate
selective laser melting processes using the ALE3D multiphysics code. They described the melting and
solidification process of the powder in addition to simulating the molten tracks under different laser
powers. Chinnapat et al. [15] studied the thermal fluid flow and resulting microstructural evolution of
a set of laser-scanned single tracks with different powder layer thicknesses and scanning speeds during
SLM of titanium alloy powder. The increased Marangoni force and recoil pressure destabilize the melt
flow in thicker powder layers. Voisin et al. [16] simulated the defects of a molten pool in the deposition
of SLM powders. They confirmed the effects of defects, such as dislocation and porosity, on its tensile
properties through molten pool research. The Marangoni coefficients with a fixed-point heat source
were calculated by Zhang et al. [17]. They also examined the effects of convective and conductive heat
flux on molten pool shape during the SLM process with a fixed-point heat source. As a whole, these
investigations resulted in a massive computing project involving enormous amounts of data; as the
required calculations remain infeasible at present, in-depth analyses of the pool characteristics are
still lacking.

1.2. Thermal Flow Simulation on the Workpiece Scale

In the recent literature, most of the performed analyses have been conducted from the perspective
of the workpiece, paying more attention to the macroperformance of the molten pool and the influence
on future thermal performance [18-21]. Xiao et al. [18] built a 3D model describing the melting
and resolidification on the scale of the SLM workpiece, considering the effects of shrinkage and
natural convection driven by the surface tension and buoyancy force. The temperature distribution
in the laser/powder interaction zone and the shape of the melt pool were numerically calculated
using the proposed model with coupled radiation and heat transfer applicable to single vectors [19].
Yuan et al. [20] simulated the temperature evolution and the thermal behavior of the molten pool
during the SLM of TiC/AlSi;(Mg nanocomposites, which included the effects of Marangoni convection
and SLM processing parameters, such as laser power and scan speed. Based on a TiAl4V4 powder
system, Huang et al. [21] developed an energy conservation equation with a Gaussian energy source by
considering the temperature-dependent thermal physical properties of the materials. The temperature
distribution and molten pool dimensions were determined using the finite element method. In addition,
Liu et al. [22] used the unique thermal behavior during the multilayer SLM manufacturing process
to create the unique microstructure of as-produced parts. The molten pool size and temperature
increased as the number of layers increased. Cao et al. [23] simulated the solidified track dimensions
of the molten pool in nickel-based superalloys. They calculated and analyzed the influence of different
process parameters (laser power and scanning speed) on the SLM formation of an Inconel 718 alloy.
Mishra et al. [24] created a volumetric heat source used in numerical modeling of the SLM of TigAl4V
powder. The same two key process parameters, laser power and scan speed, were used for single-track
and multitrack SLM simulations. A group of optimal process parameters were obtained through the
shape and temperature of the molten pool.
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The molten pool is characterized by dynamic, rapidly changing processes. At present, point
heat-transfer analysis of the pool is widely used in numerical simulation. In the studies described
above, the dynamic changes and characteristics are not reflected. In addition, experimental fusion
pool acquisition and verification are rarely performed. Therefore, the dynamic evolution of the molten
pool and its morphology after deposition are not clearly understood. No further analyses of the
characteristics of molten pools have been published.

In this study, we analyzed the evolution process of a selective laser melting pool with a dynamic
heat source, and the geometry size, cooling morphology, and thermal field distribution of the pool were
simulated. Based on an experiment with the same parameters, the real geometry of the molten pool
formed by laser deposition was determined using a new measurement method for online monitoring
involving a high-speed image sensor and laser supplementary light, and the actual morphology of
the molten pool after formation was characterized using an optical microscope. The obtained molten
pool data were compared with the simulation results, which demonstrated the effectiveness of the
simulation method for modeling the dynamic heat source in selective laser melting.

2. Simulation

2.1. The Method

When the finite element method is used to calculate complex problems, the number of finite
element grids is often very large, so data redundancy overflow often occurs during the calculation,
resulting in the paralysis or suspension of the calculation. Therefore, many methods based on the finite
element algorithm have been adapted to practical problems [25]. In recent years, many reports have
been published on the development of the “Element Birth and Death” finite element method to solve
large-scale computing problems. For the thermal coupling calculation of multilayer and multichannel
selection laser melting, the grid of the front layer calculation needs to be involved in the calculation in a
cycle with constant attenuation, resulting in extremely large amounts of finite element calculation data.
To improve the efficiency and accuracy of the SLM thermal coupling field, the use of dynamic heat
source technology is proposed, based on the birth and death technique of the finite element method.

To achieve this, the physical implementation of dynamic heat source technology must be based
on the scanning trajectory with the scanning velocity as the variable. Which is driven by the deflection
of the galvanometer as the heat source; the laser beam moves along the coordinates of the scanning
trajectory according to the scanning speed. Then, the laser energy is focused on the powder layer of
the corresponding scanning locus coordinate point, and the material is fused to form a molten pool.
This process is similar to the material point reached by the heat source being the highest temperature
point of the molten pool. Therefore, the energy generated by the formed part and the energy stored
in the molten pool as well as the temperature value at each location vary dynamically with the heat
transfer rate. Thus, the process by which the moving laser beam acts on a point of the material can be
simplified into the effect of a dynamic heat source, as shown in Figure 1.

Mirror # Laser beam

Scanning
direction

Scanning speed Metal powders

</ Substrate </

Figure 1. Diagram of equivalent dynamic heat source.
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The algorithm implemented for the dynamic heat source technology during SLM is shown in
Figure 2. First, a geometric model of heat source is constructed followed by the setting of heat source
parameters (process parameters). Then, the laser device is started and the heat source moves along
the scanning trajectory at the scanning speed. The thermal coupling effect occurs for different molten
pools. For the simulation, the heat source was established on the basis of geometry parameters
and the thermal field value can be defined according to structure variables, including temperature,
speed, and geometric parameters. A finite element value was assigned for moving along the scanning
trajectory coordinates according to the scanning speed welding torch tools. The moving heat source
parameter value was used to update the calculation for laser deflection simulations. Finally, the thermal
field parameters, such as trajectory position and temperature of the thermal traversal of the welding
gun, are constantly updated, that is, the temperature value of each coordinate point on the scanning
trajectory is updated according to the heat transfer rate with the scanning velocity to determine the
effect of the dynamic heat source from the perspective of relative motion.

Create structure variables

v

Define the laser heat source parameters

v
Assign the value to a moving torch <
v v
Set the heat source Update scan speed
v v
Assign material Set the scanning
parameters direction
v v
Thermodynamic coupling algorithm
v
Output thermal field value
v Update by step
Output stress field value
N

\ 4

All layers completed?

Thermal coupling calculation is completed

End

Figure 2. The flow of dynamic heat source algorithm.
2.2. Formula

2.2.1. The Definition of the Laser Source

In this paper, the process parameters corresponding to selective laser melting are taken as the main
input conditions for the simulation, which refer to the laser source. According to the characteristics of
laser emission, the laser source model is the Gaussian heat source [26]:

272
q= qoexp(—ﬁ) 1)
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where g is the heat flux (J/(m2-s)), r is the radiating distance from the center, 6 is the radius of the beam
(mm), and qg is the maximum heat flux at the center of the beam, r = 0, defined as:

_2P¢

= 2
9o =2 2
Hence,
2&P 272
9y = @exp(—ﬁ) 3)

where P is the laser power (in W) and ¢ is the laser absorptivity of metal materials (that of a 316 L
stainless steel is generally taken to be 0.7).

The heat flux value of the laser heat source can be determined according to parameters such as
laser power and spot size. The heat flux model can be expressed as shown in Figure 3a. The heat
flux at the center is the highest where the heat transfer energy to the surrounding area is the highest,
then gradually decreases outward in all directions. The geometric model of the heat source is shown
in Figure 3b, which is an inverted cone. The geometry of the heat source can be defined by three
geometric parameters: Surface radius R1, bottom radius R2, and heat source height D. The inverted
cone heat source defined by the three geometric parameters moves along the scanning path according
to the scanning speed, and the corresponding heat source moves along the scanning path, as shown in
Figure 4. For example, under the strip-type scanning path in Figure 4, the heat source model moves
layer by layer, with a deflection of 30° from 0 to 180° (0°, 30°, 60°, 90°, 120°, 0 °, 30°, etc.)

(a) (b)
Figure 3. Laser heat source model: (a) Gaussian heat source; (b) geometric model of heat source.
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Figure 4. The laser scanning path of layer by layer.
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2.2.2. The Model of Cycle Heat Transfer

In nature, as long as there is a transmission medium and a temperature difference between
different parts of an object, then heat will be transferred from areas of high to low temperature. When
the metal powder is irradiated by a laser beam, it generates heat that is stored and then transmitted.
According to the basic theory of heat transfer, the three main methods of natural heat transfer are
conduction, convection, and radiation [27].

1. Conduction

Generally, conduction is the transfer of heat within an object through the collision of molecules,
atoms, or electrons in the material. According to the general definition of heat flux, the amount of
heat passing through a substance per unit area of time can be calculated using Equations (2)—(4).
Considering the X direction as an example, the heat flux transferred during the conduction process is:

_Q _ oT
9=% (Q=kAZ%E ~kALL) @)

where Q is the heat, K, is the thermal conductivity in the X direction (W/(m:K)), A is the area
through which heat flows in the X direction, ¢ is the generation time corresponding to the heat transfer
temperature difference, T is the surface temperature of the object (K), AT is the difference in temperature
between a hot object and a cold object, and d; is the material thickness of the current heat transfer layer
(mm). Hence, the temperature gradient is approximately expressed as:

()

AT = —
kx

dy ©)

The heat flux at each node of the model can be calculated according to the given laser power and
other parameters through Equations (2) and (3); thus, the temperature gradient between each material
point can be obtained from Equations (2)—(5).

2.  Convection

Convection is the transfer of heat by an object to another object through a fluid, or to an objective
flow via another medium. The heat flux corresponding to the convection can generally be expressed as:

q=hAy(T - Te) (6)

where 1 is the heat conduction coefficient and T. is the temperature of the surrounding
convective environment.

3. Radiation

Radiant heat transfer is the process of heat transfer from a formed object to its surroundings. The
radiant heat flux is determined by the following relation:

q = xpAp(T - Tw) @)
where y is the radiation Steffen-Boltzmann constant and v is surface emissivity.
4. Energy produced in solids

When the laser power is turned on, heat is generated in the area of the powder where the laser
beam is focused. The heat energy generated is the heat flux intensity multiplied by the volume:

Eq =gV ®)
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where g is the heat flux, which is equal to the heat rate generated per unit volume in unit time close to
the heat flux, and v is the volume of the heated object.

5. Energy stored in solids

When the metal powder produces heat and as the energy continues to increase with temperature,
the proportion of heat stored in the solid is related to the material’s relative heat coefficient:

aT
Es = pcVE 9)
where p is the density of the material (kg/m3) and c is the specific heat of the material (J/(kg-K)). Thus,
the heat transfer equation per unit volume is obtained:

pep5y = V(=KAT) (10)

where ¢, is the specific heat corresponding to the temperature of the current material point. Considering
the cyclic heat transfer of the current layer by the preformed layer, the composite cyclic heat transfer
equation is obtained:

T v
pey 5y = Z Vi(~kAT)) (11)
i=1

where i is the number of layers of heat transfer, which is determined by the error of temperature,
AT; < €, according to the heat-affected area.
The porosity of the powder can be calculated as:

_ Pbulk — Ppower

(12)
Poulk

¢
Hence,
Ppower = (1 - (p)Phulk
Kpower = (1 - (P)Khulk
According to the literature [28], the heat balance equation satisfies the following classical
three-dimensional heat conduction equation:

o[, dT d(, aT d(, oT . oT

(13)

Equations (2)-(14) are common differential equations for heat conduction in orthotropic materials.

If the heat conductivities in the three directions X, Y, and Z are the same, the isotropic hypothesis can
be applied to the material. At this point, kx = ky = kz = k; then, Equations (2)—(14) can be written as:

PT  PT FPT q 10T

+o—+

oz 92 922 kT (15)

Enthalpy H can be used to calculate the heat absorption and cooling process with each time step.
It is a function of density p and specific heat C, commonly expressed as:

H= f pc(T)dT (16)

6.  The thermal boundary conditions

In SLM forming, the initial temperature setting, initial characteristic parameter setting of
the material, initial displacement conditions, and heat transfer of the material at the boundary
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to the surrounding environment during deposition constitute the boundary of the heat transfer
calculation model:
T(x,y,zt) =T (17)

The boundary conditions of the simulation model are determined by considering the natural
convection and surrounding radiation. The heat flux at the boundary is equal to the laser heat flux at
the boundary element:

aT
=) = 18
( on )w q(ryw (18)
where 7 is the normal direction of model surface and w is in the boundary of the model. In SLM
forming, the heat transfer between the sample and the surrounding environment conforms to the third
boundary condition. In other words, the heat flux at the boundary is equal to the convective heat flux
plus the radiant heat flux at the boundary of the sample to the surrounding environment.

%) <sre-1) e e{rt-T) @

2.3. Results

2.3.1. Molten Pool Shape

The 3D model for formation was imported according to the construction of the aforementioned
SLM dynamic simulation platform. The simulation model is prismatic, with dimensions of about
5 x 3 x 2mm? (length, width, height). The process parameters were power 200 W (laser spot was
0.1 mm), scanning speed 500 mmy/s, overlap of about 10%, thickness of 50 um, and striped scanning
strategy. The simulation was performed on an 8 core PC with 3.60 GHz CPU, and 32 GB memory.
The dynamic heat source was loaded and assigned to the welding gun, then the Gaussian heat source
model was used to simulate the heat transfer from the laser beam to the forming area. Due to the high
intensity and accumulation of laser energy, the temperature of the current point of the material where
the beam was focused quickly reached over 2000 K, and a molten pool with certain length, width,
and height formed immediately. The simulated molten pool had an inverted cone shape, as shown in
Figure 5. The corresponding top view and section views of the molten pool are shown in Figure 5a,b,
respectively. Its geometric shape conforms to the design goal in Figure 3b. As the scanning speed is
fast and the heat conduction is relatively slow, the heat transfer in the current pool quickly connects to
the next pool. Therefore, the size of the molten pool expands rapidly, as shown in Figure 6, forming
the molten pool belt.

Temperature [K]

172315
1580.15
143715
129415
1151.15
1008.15
865.15
72215
579.15
436.15
29315

max: 1723.15
min: 293.15

v
w

(a) (b)

Figure 5. Morphology of molten pool under thermal action of the laser heat source: (a) Top view;

(b) Section view.
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Temperature [K] Temperature [K]
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1151.15 1151.15
1008.15 1008.15
865.15 865.15
722.15 722.15
579.15 579.15
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Figure 6. The laser heat source grows along the scanning trajectory at (a) 0.2 mm; (b) 2 mm; (c) 3 mm;
(d) multitrack; and (e) multilayer.

The growth process of the molten pool is shown in Figure 6a—c, which corresponds to snapshots
of the moving laser beam captured along the scanning track during the moving process at 0.2, 2, and
3 mm with a speed of 500 mm/s. In addition, a new layer of powder is laid on top of the previous
layer of finished powder according to the scanning path and speed. The new track is further melted
along the path specified by the moving laser beam, and the previous track is heated by heat transfer
from the new track, as shown in Figure 6d-e. In the same way, the new molten layer conducts heat to
the sediments in front of it, allowing heat to accumulate. The dynamic, thermally coupled melting
thermal field and thermal stress field of the SLM process affect formation under the thermal action of
this dynamic molten pool.

2.3.2. Thermal Field Distribution

Figure 7a—d shows the cloud map results of four different forming layers at different times in the
thermal field of the simulation model corresponding to SLM and the deposition process. The thermal
distribution position with 10, 20, 38, and 40 layers at 12, 25, 48, and 200 s are respectively shown
in Figure 7a—d. As shown in the figure, when the laser heat source irradiated the material point,
the temperature rose rapidly to 2100 K, exceeding the melting temperature of 316 L stainless steel
(1672 K). The metal powder immediately melted and formed a melting pool. Then, as the laser light
source moved to the next position according to the scanning speed, the molten pool continued to form
a molten pool belt. When the temperature dropped steadily to about 1000 K, the new layer was then
heated up again. As such, the temperature gradient between different material points on the sample
formed after the heat transfer of the rapidly moving heat source.

Figure 7 also shows that the molten pool zone had an obvious influence on the surrounding heat
affected area, and the horizontal direction expanded to the surrounding melting channel, such that the
melting channel in the front channel was partially remelted by heat transfer, and the unheated powder
was preheated in advance. There were also four to five layers of a heat-affected zone down the pool
along the section direction, thus heating and remelting the previously formed layer. This indicates
that the thermal field is involved in the cumulative calculation in the dynamic heat source and cyclic
temperature accumulation model, and that the aforementioned dynamic heat source and cyclic heat
transfer model is more in line with the actual thermal field distribution. After all the forming layers
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were scanned, the whole sample radiated heat to the surrounding area through convection and soon
cooled to room temperature.

Temperature [K]

Temperature [K]

172315
1580.15
1437.15

1723156
158015
1437.15

128415
11561.16
100815
865.15
72215

1294.15
1151.15
1008.15
865.15
722.15
579.15
436.15
293.15

579.15
436.15
29315

max: 172315

max: 1723.15

min:  293.15 min:  263.15
5 -
b L
(a)
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1437.15 e
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100816 1008.15
1008.15 Jooa.
865.15 st
gH 579.15
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436.15 3
29315 29315

mai: 172315
max: 1723.15
min: 29315 min: 28315
=
\.}z k)
(c) (d)

Figure 7. Thermal field distribution at different positions in the simulation at (a) 10 layers; (b) 20 layers;
(c) 38 layers; and (d) 40 layers.

3. Online Monitor

3.1. The Method of Monitor

The dynamic molten pool was first measured with a high-speed camera during the process of
deposition. The morphology of the molten pool was photographed using light supplemented from a
laser. The main specifications of the high-speed camera are resolution of 1280 x 1024 pixels, frame
frequency of 500-33, 390 fps, dynamic range of 120 dB, and minimum exposure time of 1 ps; the picture
element was 14 X 14 um, capture card was a PCI 2.0 x 4, and the CMOS sensor achieved high
sensitivity even at 2500. For the laser supplementary light, the laser generator power was 100 W,
and laser spotsize was 0.4 mm with a fiber length of 2 m. The measurement method is shown in
Figure 8. Next, the static shape of molten pool was observed using an HIROX KH-1300 3D optical
microscope (Hirox, Tokyo, Japan). The surface morphology of the cooled molten pool was captured.
Then, the cross-section morphology of the molten pool was captured on an optical microscope prepared
by polishing the formed specimen. The formation of the three-dimensional angle of the molten pool
morphology was used to analyze characteristics.
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Figure 8. The method used to measure the dynamic molten pool. 1-Selective laser melting (SLM)
machine; 2-camera; 3-laser generator; 4-computer.

3.2. Results

3.2.1. The Dynamic Molten Pool Shape

The SLM formation experiment was conducted using the same process parameters as in the
simulation. A high-speed image sensor and a laser fill-in light for online monitoring were used,
as shown in Figure 8. The laser fiber was loaded onto the camera to enable high-speed photography,
which led to the successful capture of the SLM fast-exposure image of the molten pool corresponding
to the laser processing parameters detailed in this paper. The laser penetrates the surface powder
and moves along the scanning path and a banding pool is then formed, as shown in Figure 9a,b.
The banding pool is similar to the strip pool belt simulated by the dynamic heat source in the simulation,
as shown in Figures 6 and 7. The current exposure point was nearly an inverted cone due to the rapid
scanning speed, so the front hot pool had no time to solidify and mixed with the current pool to form
the tail of the pool, forming the strip pool.
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(a) (b)

Figure 9. Snapshot of the online molten pool under SLM formation: (a) Molten pool; (b) Molten
pool belt.

3.2.2. The Static Molten Pool Shape Geometry

After the sample was cooled, the surface morphology of the solidified molten pool was clearly
observed under an optical microscope without remelting. The cooling marks produced a series of
roundabout lines due to the Marangoni convective effect in the molten pool when the light spot cooled
down, as shown in Figure 10. In addition, the different forming angles are described in detail in
Figure 10a—d. The sample surface was not particularly uniform due to the concentration of powder.
Therefore, a rough surface formed along the core and intermediate lap joints of the molten pool.

Figure 10. Morphology of the surface molten pool after different angles of SLM formation: (a) 0°;
(b) 30°; (c) 90°; and (d) 120°.
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The molten pool morphology in the direction of YOZ section of the sample is shown in Figure 11.
In the adjacent weld channels of the same layer of the molten pool in the macroscopic observation area,
the effect of the laser lap rate, cross-solidification with each other, and lap marks are clearly visible.
The bottom circle of the upper molten pool extends to the surface of the lower solidified molten pool,
superimposing layer upon layer. Therefore, the overall optical microscope image showed that after
solidification, the layers still had a fish-scale distribution, which accumulated after the solidification of
the strip pool belt layer by layer. The pool channel that was actually formed also corresponds with
predictions from the simulation results.

(a) (b)

Figure 11. Morphology of the cross-section molten pool after SLM formation: (a) Cross-section;
(b) Partial enlarged detail.

The combined results of the online monitoring images and the surface cross-section pictures of the
molten pool are interesting. Under laser irradiation, the material points are heated to form a molten
pool and then a molten pool belt in a short time. After cooling, according to the analysis of the molten
pool, the silted lines were formed after evaporation of the surface, the fish-scales were formed due to
the shape of the molten pool with overlapping cross-sectional layers. The dynamic evolution effect on
the molten pool verifies that the simulation effect is consistent with the actual forming process.

4. Discussion

In this paper, we proposed a dynamic thermal coupling simulation method for SLM formation
driven by process parameters. The dynamic thermal coupling simulation data were analyzed using
the process parameters of a cylindrical 316 L stainless steel sample as an example. The evolution
of the molten pool is analyzed in detail below. Figure 12 shows the temperature change process of
several representative tracking points at the same X and Y coordinates of different layers in the center
of the simulation sample. As can be seen from the comparison in Figure 12, the initial temperature
of the first layer was that of the initial room temperature. When the laser heat source moved to the
tracking point, the temperature rose rapidly to nearly 2200 K, which exceeds the melting temperature
of 316 L stainless steel (1672 K). Then, as the laser light source moved to the next position and heat was
transferred around the hot part of the molten pool, the temperature rapidly dropped to below 1000 K,
corresponding to a very large temperature gradient. When a new layer of powder was laid on the top
of the material point and the laser beam scanned to the new layer of the point, the new molten pool
continued to form and rapidly expanded to the adjacent solidified layer. Due to the heat transfer of
the new layer, the temperature of the front layer increased again. This diffusion led to an increase in
the geometry of the pool, known as remelting. After such cyclic accumulation, the diffusion depth
of the molten pool was about four layers, i.e., 200 pm, as shown in Figure 12 (remelting temperature
> 1672 K), which is the same as the geometric size of the molten pool measured in a previously
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reported experiment [29]. However, a special state appeared as the number of new layers increased,
the remelting temperature decreased gradually, and the increase or decrease in temperature was less
than that of the previous stage. The thermal influence of the newly formed layer on the formed layer
in the early stage circulated along with the subsequent formation process, resulting in the remelting
phenomena of material heating—cooling-reheating, which is referred to as cyclic heat transfer in this
paper. In addition, subsequent heating by circulating heat may produce a micro-annealing effect on
the preformed underlying material, which is an interesting topic for further future research. At about
50 s into the simulation of the shape process, the 40 layers of all the samples had formed, and the
samples entered the pure cooling stage, whereby the alternating temperature cycle stopped. Finally,
with continuous heat transfer to the surrounding area, the temperature of the whole simulation sample
decreased to room temperature. The attenuation cycles for the other observation points were similar.
The number of circulating layers, or diffusion depth, depends on the number of forming layers and
laser energy intensity at the monitored material points.

4000 T T T T T T T T T
o2 H
04 H -
0.6 H
3000 | ——o0s8Hfi A
— 1.0H
= —_— 12 H —
= ——1.4H
= —— 1.6 H| A
= -
= 2000 \ 1.8H
= —— 2. 0Hf S
D
= M ll “L
= ‘ VY TIVYVYVYVYVAY §
1000
O 1 1 1 1 1 1 1 1 1 ]
(o] 10 20 30 40 50 60 70 80 90 100

Time (s)

Figure 12. The temperature cycle curve of the numerical simulation at a mid-point in the sample. H is
the height of SLM sample in the simulation, the curve is actually the time in X-axis corresponding to
the temperature in Y-axis.

As shown by the evolution process of the temperature cycle curve, the temperature curve of
the front layer is a multiperiod falling curve with cyclic oscillation in the evolution process from the
first layer to the following layer. The curve of each layer rises and falls according to the duration of
laser scanning throughout the deposition process until cooling. Finally, all layers are cooled to room
temperature. The heating and cooling diagrams for each layer of the sample during the deposition
process at the observation point of the five layers are shown in Figure 13. The red column expresses
heating and warming during the laser exposure of the current layer and the influence on the cycling
heat of the previous layers. The blue column represents the cooling of the current layer during
cooling and further cooling of the thermal effects during the gradual cooling of the preceding layers.
This generates the cyclic heat effect during the laser scanning process of 40 layers. After the simulation
is completed, there is a certain pure cooling time where the workpiece cools to room temperature.
Under the action of this high-energy rapid scanning heat source, the material instantaneously formed
a higher temperature gradient AT with about a 107 k/s order of magnitude [30], which inevitably led
to the formation of greater thermal stress inside the formed part [31].
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Figure 13. The time component diagram of the part of layer and its corresponding thermal superposition
effect diagram from the simulation. The red color is the heating time of SLM sample in simulation,
the blue color is cooling time. In addition, the darker the color, the higher the temperature gradient.

Online monitoring of an SLM rapid scanning process was one of the central challenges [32]. In this
paper, a CMOS high-speed image sensor and laser supplementary light were used to record the melting
pool that completes the high scanning speed of SLM forming process under the acquisition of rapid
exposure. There are two main methods for online monitoring discussed in this article. The first is the
adoption of a high-speed camera, for which an acquisition frequency of a single image can reach about
1 ps; so a movement at a speed of 500 mm/s can be tracked. The second method, is to use a laser with a
high instantaneity, which is a high concentration of light energy in time; therefore, the laser pulse in
the order of ns (even ps or fs) is easy to achieve. With the development of laser pulse compression
or ultra-short pulse technology, laser pulses are getting increasingly narrow. Such laser pulses can
provide insight into many transient processes (also known as ultra-short processes), including rapid
changes in the SLM molten pool.

5. Conclusions

In this paper, we designed a dynamic heat source and developed a circulating heat transfer model
for the SLM formation process, and SLM was dynamically simulated using the finite element software.
In addition, a high-speed image sensor was used to monitor the geometry of the molten pool online
through an experiment based on the same process parameters. The overlapping relationship between
the pool and the adjacent channel was determined by identifying the cross-section of the pool after
deposition. The validity of the simulation algorithm was demonstrated by the experiments. Our main
conclusions are as follows:

e A SLM dynamic heat source model similar to the working principle of a real laser heat source
was established, and the motion process of molten pool was realized according to the scanning
trajectory at the scanning speed.

e The heat transfer process of the SLM heat source was analyzed and demonstrated. Then,
the equivalent calculation of the energy of the heat source was carried out. A simulation model
of isotropic assumption was constructed for the heat transfer. Altogether, these established the
foundation for the algorithm for heat transfer in the simulation process.

e  According to the SLM dynamic heat transfer process simulation analysis, we defined the formation
of the molten pool under the action of heat source, the growth of the molten pool, and the process
of the molten pool moving according to the scanning trajectory.

e  The heat transfer characteristics of the molten pool were simulated, showing that the cyclic heat
transfer extended to the preformed layer. Its amplitude gradually attenuated according to the
distance between the formed layer and the light source.
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e  Anew camera with high-speed CMOS image sensor and a laser fill-in light used online monitoring
of the SLM deposition processing in the experiment. The shape of the dynamics of the molten
pool is captured successfully after setting the power of filling laser to a scanning speed which is
suitable to monitoring the SLM formation process. Therefore, the new high-speed image sensor
acquisition experiment verifies the effectiveness of the simulation algorithm.

Author Contributions: Conceptualization, P.B. and X.S.; methodology, ].D.; software, P.B.; validation, P.B., FY., and
X.Z.; formal analysis, P.B.; investigation, Y.M.; writing—original draft preparation, P.B. and X.S.; writing—review
and editing, P.B.; visualization, P.B.; supervision, X.S. and J.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Key Research Projects of Shaanxi Provincial Department of Education
(No. 18JS097), and the Key Research and Development Program of Shaanxi Province (2018ZDXM-GY-144).
The authors are also grateful for financial support from the Shaanxi Provincial Natural Science Foundation Project
(2019JQ-891), and the Xi’an Science and Technology Plan Project (2020KJWLO01). Funding information of the APC
was paid by the project of 18]S097.

Acknowledgments: This work was supported by the Xi’an Key Laboratory on Intelligent Additive Manufacturing
Technologies, CH. In addition, the authors’ are grateful for the support of Jing Shi, University of Cincinnati, US.

Conflicts of Interest: We declare that we have no conflict of interest with other people or organizations. The funders
had no role in the design of the study; in the collection, analyses, and in the writing of the manuscript.

References

1. Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive manufacturing of metals. Acta Mater. 2016, 117,
371-392. [CrossRef]

2. Yap, CY,; Chua, CK,; Dong, Z.L.; Liu, Z.H.; Zhang, D.Q.; Loh, L.E.; Sing, S.L. Review of selective laser
melting: Materials and applications. Appl. Phys. Rev. 2015, 2, 041101. [CrossRef]

3. Lee, H,; Lim, C.HJ.,; Low, M.J.; Tham, N.; Murukeshan, V.M.; Kim, Y.J. Lasers in additive manufacturing;:
A review. Int. |. Precis. Eng. Manuf. Green Technol. 2017, 4, 307-322. [CrossRef]

4. Wang, D; Yang, Y.; Yi, Z.; Su, X. Research on the fabricating quality optimization of the overhanging surface
in SLM process. Int. J. Adv. Manuf. Technol. 2013, 65, 1471-1484. [CrossRef]

5. Maconachie, T.; Leary, M.; Lozanovski, B.; Zhang, X.; Brandt, M. SLM lattice structures: Properties,
performance, applications and challenges. Mater. Des. 2019, 183, 108137. [CrossRef]

6.  Thompson, S.M.; Bian, L.; Shamsaei, N.; Yadollahi, A. An overview of direct laser deposition for additive
manufacturing; part I: Transport phenomena, modeling and diagnostics. Addit. Manuf. 2015, 8, 36-62.
[CrossRef]

7. Vastola, G.; Zhang, G.; Pei, Q.X.; Zhang, Y.W. Controlling of residual stress in additive manufacturing of
tibal4v by finite element modeling. Addit. Manuf. 2016, 12, 231-239. [CrossRef]

8. Liu, Y,; Yang, Y.; Wang, D. A study on the residual stress during selective laser melting (SLM) of metallic
powder. Int. |. Adv. Manuf. Technol. 2016, 87, 1-10. [CrossRef]

9. Luo, Z,; Zhao, Y. A survey of finite element analysis of temperature and thermal stress fields in powder bed
fusion additive manufacturing. Addit. Manuf. 2018, 21, 318-332. [CrossRef]

10. Ma, C; Gu, D,; Dai, D.; Yu, G.; Xia, M.; Chen, H. Thermodynamic behaviour and formation mechanism of
novel titanium carbide dendritic crystals within a molten pool of selective laser melting tic/ti-ni composites.
CrystEngComm 2017, 19, 1089-1099. [CrossRef]

11.  Cao, L. Workpiece-scale numerical simulations of SLM molten pool dynamic behavior of 316L stainless steel.
Comput. Math. Appl. 2020. [CrossRef]

12.  Ferro, P. Molten Pool in Welding Processes: Phenomenological vs Fluid-Dynamic Numerical Simulation
Approach. Mater. Sci. Forum 2017, 884, 26—40. [CrossRef]

13. Korner, C.; Attar, E.; Heinl, P. Mesoscopic simulation of selective beam melting processes. ]. Mater.
Process. Technol. 2011, 211, 978-987. [CrossRef]

14. Khairallah, S.A.; Anderson, A. Mesoscopic simulation model of selective laser melting of stainless steel
powder. J. Mater. Process. Technol. 2014, 214, 2627-2636. [CrossRef]


http://dx.doi.org/10.1016/j.actamat.2016.07.019
http://dx.doi.org/10.1063/1.4935926
http://dx.doi.org/10.1007/s40684-017-0037-7
http://dx.doi.org/10.1007/s00170-012-4271-4
http://dx.doi.org/10.1016/j.matdes.2019.108137
http://dx.doi.org/10.1016/j.addma.2015.07.001
http://dx.doi.org/10.1016/j.addma.2016.05.010
http://dx.doi.org/10.1007/s00170-016-8466-y
http://dx.doi.org/10.1016/j.addma.2018.03.022
http://dx.doi.org/10.1039/C6CE02284G
http://dx.doi.org/10.1016/j.camwa.2020.04.020
http://dx.doi.org/10.4028/www.scientific.net/MSF.884.26
http://dx.doi.org/10.1016/j.jmatprotec.2010.12.016
http://dx.doi.org/10.1016/j.jmatprotec.2014.06.001

Sensors 2020, 20, 4451 17 of 17

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Panwisawas, C.; Qiu, C.; Anderson, M.].; Sovani, Y.; Turner, R.; Attallah, M.M. Mesoscale modelling of
selective laser melting: Thermal fluid dynamics and microstructural evolution. Comp. Mater. Sci. 2017, 126,
479-490. [CrossRef]

Voisin, T.; Calta, N.P,; Khairallah, S.A.; Forien, J.; Balogh, L.; Cunningham, R.W. Defects-dictated tensile
properties of selective laser melted Ti-6Al-4V. Mater. Des. 2018, 158, 113-126. [CrossRef]

Zhang, D.; Zhang, P;; Liu, Z.; Feng, Z.; Wang, C.; Guo, Y. Thermofluid field of molten pool and its effects
during selective laser melting (SLM) of Inconel 718 alloy. Addit. Manuf. 2018, 21, 567-578. [CrossRef]

Xiao, B.; Zhang, Y. Marangoni and buoyancy effects on direct metal laser sintering with a moving laser beam.
Numer. Heat Transf. A Appl. 2007, 51, 715-733. [CrossRef]

Gusarov, A.V.; Smurov, I. Modeling the interaction of laser radiation with powder bed at selective laser
melting. Phys. Procedia 2010, 5, 381-394. [CrossRef]

Yuan, P.; Gu, D.D. Molten pool behaviour and its physical mechanism during selective laser melting of
TiC/AlISi10Mg nanocomposites: Simulation and experiments. J. Phys. D-Appl. Phys. 2015, 48, 035303.
[CrossRef]

Huang, Y,; Yang, L.].; Du, X.Z; Yang, Y.P. Finite element analysis of thermal behavior of metal powder during
selective laser melting. Int. |. Therm. Sci. 2016, 104, 146-157. [CrossRef]

Liu, Y,; Zhang, J.; Pang, Z. Numerical and experimental investigation into the subsequent thermal cycling
during selective laser melting of multi-layer 316L stainless steel. Opt. Laser Technol. 2018, 98, 23-32.
[CrossRef]

Cao, L.; Yuan, X. Study on the Numerical Simulation of the SLM Molten Pool Dynamic Behavior of a
Nickel-Based Superalloy on the Workpiece Scale. Materials 2019, 12, 2272. [CrossRef] [PubMed]

Mishra, A.K.; Kumar, A. Numerical and experimental analysis of the effect of volumetric energy absorption
in powder layer on thermal-fluidic transport in selective laser melting of Ti6Al4V. Opt. Laser Technol. 2019,
111, 227-239. [CrossRef]

Foroozmehr, A.; Badrossamay, M.; Foroozmehr, E.; Golabi, S. Finite element simulation of selective laser
melting process considering optical penetration depth of laser in powder bed. Mater. Des. 2016, 89, 255-263.
[CrossRef]

Hussein, A.; Hao, L.; Yan, C.; Everson, R. Finite element simulation of the temperature and stress fields in
single layers built without-support in selective laser melting. Mater. Des. 2013, 52, 638—647. [CrossRef]
Yang, Z.L.; Li, Q.H.; Ruan, EX,; Li, Z.P; Ren, B.; Xu, H.X,; Tian, Z.Q. FDTD for plasmonics: Applications in
enhanced Raman spectroscopy. Chin. Ence Bull. 2010, 55, 2635-2642. [CrossRef]

Carslow, H.S.; Jaeger, J.C.; Morral, ].E. Conduction of heat in solids, second edition. ]. Eng. Mater. Technol.
1992, 108, 378. [CrossRef]

Zavala-Arredondo, M.; Ali, H.; Groom, K.M.; Mumtaz, K. Investigating the melt pool properties and thermal
effects of multi-laser diode area melting. Int. . Adv. Manuf. Technol. 2018, 97, 1383-1396. [CrossRef]
Behzad, F.; Wayne, S.F,; Gladius, L.; Ebrahim, A. A review on melt-pool characteristics in laser welding of
metals. Adv. Mater. Sci. Eng. 2018, 4, 1-18. [CrossRef]

Bian, P; Shi, J.; Shao, X.; Du, J. Evolution of cyclic thermal stress in selective laser melting of 316l stainless
steel: A realistic numerical study with experimental verification. Int. J. Adv. Manuf. Technol. 2019, 104,
3867-3882. [CrossRef]

Thombansen, U.; Abels, P. Observation of melting conditions in selective laser melting of metals (SLM)//Spie
Lase. Int. Soc. Opt. Photonics 2016, 9741, 97410S. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.commatsci.2016.10.011
http://dx.doi.org/10.1016/j.matdes.2018.08.004
http://dx.doi.org/10.1016/j.addma.2018.03.031
http://dx.doi.org/10.1080/10407780600968593
http://dx.doi.org/10.1016/j.phpro.2010.08.065
http://dx.doi.org/10.1088/0022-3727/48/3/035303
http://dx.doi.org/10.1016/j.ijthermalsci.2016.01.007
http://dx.doi.org/10.1016/j.optlastec.2017.07.034
http://dx.doi.org/10.3390/ma12142272
http://www.ncbi.nlm.nih.gov/pubmed/31311118
http://dx.doi.org/10.1016/j.optlastec.2018.09.054
http://dx.doi.org/10.1016/j.matdes.2015.10.002
http://dx.doi.org/10.1016/j.matdes.2013.05.070
http://dx.doi.org/10.1007/s11434-010-4044-0
http://dx.doi.org/10.1115/1.3225900
http://dx.doi.org/10.1007/s00170-018-2038-2
http://dx.doi.org/10.1155/2018/4920718
http://dx.doi.org/10.1007/s00170-019-04096-0
http://dx.doi.org/10.1117/12.2213952
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mesoscopic Simulation in Metal Powder 
	Thermal Flow Simulation on the Workpiece Scale 

	Simulation 
	The Method 
	Formula 
	The Definition of the Laser Source 
	The Model of Cycle Heat Transfer 

	Results 
	Molten Pool Shape 
	Thermal Field Distribution 


	Online Monitor 
	The Method of Monitor 
	Results 
	The Dynamic Molten Pool Shape 
	The Static Molten Pool Shape Geometry 


	Discussion 
	Conclusions 
	References

