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Available online 20 August 2018 distribution, which leads to residual stress in the build part. Thus, temperature analyses

must be performed, to better understand the temperature distribution and sintering

ifj};ﬁ?\czsﬁanufacmrmg behavior of the powder bed with a different laser recipe. In this study, a comprehensive
Heat transfer three-dimensional numerical model was developed to understand the temperature distri-
Sintering bution during direct metal laser sintering of AISi10Mg alloy powder. The computer
Composites simulation was carried out in ANSYS 17.0 platform. Further, the effect of process

parameters such as laser power and scan speed on the temperature distribution and
sintering behavior were studied. From the simulation results, it was found that, when the
laser power increased from 70 W to 190 W, the maximum temperature of the molten pool
increased from 731°C to 2672°C, and the molten pool length changed from 0.286 mm
to 2.167 mm. A reverse phenomenon was observed with an increase in scan speed. The
sintering depth of the powder layer increases significantly from 0.061 mm to 0.872 mm
with increasing the applied laser power, but decreased from 0.973 mm to 0.209 mm as a
higher scan speed was applied. The developed model helps to optimize the powder layer
thickness and minimize the wastage of excess powders during the sintering process.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Nowadays, additive manufacturing grabs the attention of academic and industrial communities to produce complex
shapes directly from the metallic or alloy powders in a layer by layer fashion. This technology is one of the emerging
technologies to build objects with the use of 3-dimensional CAD models [1,2]. Among different types of additive manufac-
turing processes, Direct Metal Laser Sintering (DMLS) is one of the leading commercial processes for rapid manufacturing of
functional prototypes and tools. The process creates solid three-dimensional objects by bonding powdered materials using a
high-energy laser beam heat source. The key advantages of this process are its flexibility in materials and shapes, enormous
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potential for creating complex 3D parts, minimization of wastage of powder materials, and less expense is involved due to
the absence of support structures [3,4]. In the DMLS process, a high-energy laser beam interacts with a powder bed and
simultaneously melts and consolidates the powders layer by layer. The transient temperature field and the rapid cooling
rate are achieved during the interaction between the laser beam and the powder bed, which has a substantial effect on the
microstructures and the resultant mechanical properties of the final component. The interaction of the laser beam with the
powder bed is accompanied by multiple modes of heat, mass, and momentum transfer that make the process very complex
[5]. Even though this process is applied to an extensive range of powder materials and involves rapid melting and sintering
phenomena, its scientific and technical aspects are still not well understood.

Recently, many investigations have been carried out to study the temperature phenomena during laser sintering process.
Tang et al. [6] have studied the thermal behavior and effects of different process parameters on the quality and accuracy of
a three-dimensional solid structure, which was made up of a special copper-based alloy. Simchi [7] had analyzed the effect
of processing parameters on the densification of metal powders in the direct metal laser sintering process. He established
a relationship between the densification of metal powders and laser energy during direct metal laser sintering, which
was found to be very useful for metals or alloys. A transient three-dimensional finite element model has been proposed
by Dong et al. [8] to simulate the phase transformation during the laser sintering process by considering thermal and
sintering phenomena. Zeng et al. [9] developed a comprehensive thermal model for the selective laser sintering process
by using Fourier’s heat conduction equation to investigate the temperature distribution on the powder layer. Jian et al.
[10] had presented a 3D transient model for simulating the temperature in selective laser sintering process for Al,03
coated with ceramic powder by using a moving CO, laser beam. Li and Gu [11] developed a finite element model to
predict the relationship between processing parameters and thermal behavior during selective laser melting of AlSi10Mg
powder, using the ANSYS 12.0 software. The effects of laser power and laser scan speed on the thermal behavior and the
configurations of molten pool were preliminary analyzed, and the corresponding experiments were also conducted to study
the microstructure of the build part under different laser processing conditions to verify the reliability of the physical model.
Yuan and Gu [12] developed a numerical model for the selective laser melting of TiC/AlSi10Mg nano-composites by using
a finite volume method and investigated the effect of process parameters on temperature distribution. A three-dimensional
finite element model was proposed by Shi et al. [13] to study the effects of laser power and scan speed on the thermal
behavior and melting/solidification mechanism during selective laser melting of the TiC/Inconel 718 powder system. In
their study, the authors discussed the formation mechanisms of processing defects like balling effect, pores, microcracks,
delamination, etc., in order to optimize the processing parameters. Also, experiments were conducted to validate the model.
Hu et al. [14] developed a finite-element model for multi-layer selective laser melting of AlSi10Mg powder. Parametric
analysis was carried out under different laser energy inputs. The effect of the laser energy input on the temperature field,
the molten pool depth, the cooling rate, and the solidification morphology parameter were also investigated. The simulated
results provide valuable theoretical guidance for selective laser melting of AISi10Mg components. Kundakcioglu et al. [15]
investigated the transient thermal analysis for additive manufacturing of 3D complex freeform structures in powder bed
systems and laser heat source. The model was able to simulate 3D transient temperature fields in complex structures with
changing time and laser path instantaneously, which allow further process enhancements and optimizations for the process
in the near future. A novel particle-based discrete element model was developed by Lee et al. [16] to investigate the effects
of laser power, laser scan speed, and hatch spacing on the temperature distributions in the powder bed in DMLS process.
From their investigation the authors found that, with increasing laser power, the temperature of the powder bed increases,
whereas increasing laser scan speed and laser hatch spacing will not affect the average temperature increase in the powder
bed. Zhao et al. [17] numerically studied the heat transfer and residual stress evolution in the direct metal laser sintering
of Ti alloy by using COMSOL multi-physics environment. Their simulation results reveal the behavior of the melt pool size,
temperature history, and change of the residual stresses of the powder layer with variation of the process parameters. The
results of the simulation provide a better understanding of the complex thermomechanical mechanisms of laser sintering
processes. A finite element model was developed by Dong et al. [18] to simulate the laser sintering of Ti powder bed
fusion using the software package ABAQUS. Based on their simulation results, the process parameters can be accurately
chosen to avoid the weaknesses of this additive manufacturing technology, such as excessive or insufficient heating. Ojha et
al. [19] developed a mathematical model for direct metal laser sintering of AlSi10Mg alloy by considering fluid flow, heat
transfer, and solidification characteristics in the liquid pool. Their simulation results give a fundamental understanding of
the densification of powder particles in DMLS process.

Despite several advantages of the DMLS process over conventional processes, it still exhibits a few drawbacks due to
complex metallurgical phenomena that involve multiple modes of heat transfer. Hence, significant research efforts are re-
quired to develop a comprehensive thermal model and to study the relationship between the processing parameters and the
thermal behavior. In the present study, a comprehensive thermodynamic model for sintering of AlSi10Mg during a direct
metal laser sintering process has been developed on an ANSYS 17.0 platform. Through computer simulation, the thermal
behavior of the AlSi1OMg powder layer has been investigated and attention has been given to evaluating the influence
of scanning speed and laser power on the molten pool profile, the temperature distribution, and the sintering depth. The
simulated results help to optimize the thickness of the powder layer and thereby to reduce the wastage of powder material.
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Fig. 2. (a) Computational domain. (b) Finite element model with meshing used for simulation.

2. Computational model for the DMLS process

The current study develops a mathematical model for investigating the thermal behavior during sintering of AlSi10Mg
alloy powder in a direct metal laser sintering process. For the development of the model, the following physical assumptions
were considered:

(i) the powder particles are assumed spherical in shape;

(ii) the powder bed is considered as a continuum;

(iii) the fluid flow is ignored when metal is found in the liquid state;

(iv) the laser beam is assumed to have the Gaussian distribution of the heat source;

(v) the direction of the laser striking the powder bed surface is always perpendicular to it;
(vi) the powder particles have always homogeneous physical properties in all directions;
(vii) a constant absorption rate is assumed in the modeling scheme;

(viii) perfect thermal contact is assumed between powder bed and substrate;

(ix) temperature-dependent thermo-physical properties of the powders are considered;

(x) the heat transfer phenomena are dominated by conduction, convection, and radiation;
(xi) the average heat transfer coefficient between the powder bed and the surrounding environment is taken as a constant.

2.1. Physical description of the model

Fig. 1 shows the schematic diagram of the DMLS process and Fig. 2 shows the computational domain considered for
the model. The simulation domain consists of the substrate, with dimension 3 mm x 3 mm x 2 mm, and a powder layer
with dimension 3 mm x 3 mm x 1 mm. The laser beam focuses on the top surface of the powder bed with a diameter of
0.2 mm. When the laser beam interacts with the powder layer, heat transfer takes place. It occurs from all surfaces of the
powder bed to the surrounding in terms of convection and radiation mode and within the powder bed as well as from the
powder bed to the substrate in conduction mode. In this model, the powder bed consists of AlSi10Mg and the substrate is
taken as steel.
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2.2. Governing equation

Finite element simulations of heat transfer in DMLS processes is carried out by solving a three-dimensional Fourier heat
conduction equation, which describes temperature (T) as a function of x, y, z, and time (t). The temperature distribution in
the powder bed satisfies the heat conduction equation, which can be expressed as

9 kaT + 0 kaT —i—8 kaT +0(xy,2zt)=pc of (1)
ax\ ox ay\" ay az\ 9z VB0 =P

where k is the effective thermal conductivity of the powder bed, T is the temperature of the powder system, Q (x, y, z, t) is
the rate of the internal heat generation per unit volume within the component, o is the material density, Cp is the specific
heat capacity, and t is the interaction time between the laser beam and the powder material.

As the laser beam impacts on the top surface of the powder bed, heat generation takes place and it can be modeled in
form of heat flux. In this model, the input heat source follows a Gaussian distribution [20]. The mathematical expression of
the input heat flux q can be defined by

a(r) = 227 e )
g
where A is the laser absorptance of the powder system, P is the laser power, rg is the radius of the laser beam, and r is
the radial distance between the laser beam and the center of the spot generated on the top surface of the powder bed.

2.3. Initial and boundary conditions

The initial condition for the temperature distribution throughout the powder bed and substrate at time t = 0 is assumed

as:
T(x,y.2,0)|t=0 = Ta =300 K 3)

The net amount of heat transfer from each surface except the bottom surface is expressed as:
—/«(2—2) =0 (T* = Tg) + (T = Ty) )

The amount of energy lost to the surrounding from the side surface of the powder bed and the substrate by convection
mode is described by

Gcon = h(T —T,) (5)

where h is the convective heat transfer coefficient, T is the temperature of the top surface of the powder bed, and T, is the
ambient temperature.
The heat loss due to radiation from the powder layer is

Grad = €0 (T* = T3) (6)

where ¢ is the emissivity of the powder bed, and o is the Stefan-Boltzmann constant for radiation.
At the bottom surface of the substrate, no heat loss is considered, which is expressed as:

oT
)]~ "

3. Results and discussion
3.1. FE simulation of heat transfer in the DMLS process

In the present study, a computational model is developed to investigate the thermal behavior and sintering mechanism
of AlSi10Mg alloy in direct metal laser sintering. ANSYS 17.0 is used to solve the above-described heat transfer equation to
obtain a thorough understanding of the thermal behavior during the DMLS process. The model takes into account the con-
current heat transfer phenomena, i.e. conduction, convection, and radiation in the powder bed as well as in the substrate.
Simulations are carried out for sintering of AlSi10Mg in a powder bed as well as in the substrate. The grid for the computa-
tional domain is finalized after a grid independent test. Considering the computational precision and simulation efficiency,
a tetrahedral mesh structure was obtained for the powder bed with fine meshing, and a hexahedral mesh for the substrate
was obtained with medium meshing. The mesh contains both structured and unstructured mesh. The three-dimensional
simulation model has meshed into 23,149 nodes and 76,121 elements in all. The temperature-dependent thermo-physical
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Table 1
Thermo-physical properties of AlSi10Mg alloy [21].
Temperature 20°C 100°C 200°C 300°C 400°C
Thermal conductivity (k), W/mK 147 155 159 159 155
Specific heat capacity (cp), J/kgK 739 755 797 838 922
Heat transfer coefficient (h), W/m? K 80
Density (o), g/m3 2.67
Emissivity (&) 0.3
Table 2
Process parameters of the DMLS process.
b val Table 3
arameters alues Thermo-physical properties of structural steel [22].
Laser power (W) 70, 100, 130, 160, 190 P ies of . val
Scanning speed (mm/s) 100, 200, 300, 400, 500 roperties of stee alues
Laser spot size (mm) 0.2 Thermal conductivity (k), W/mK 60.5
Thickness of layer (mm) 1 Density (o), kg/m? 7850
Laser absorptivity 0.95 Specific heat, (cp), J/kgK 434
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Fig. 3. Top view of the thermal profile of AlSi10Mg powder bed at different time steps in the DMLS process.

1047

properties of AlSi10Mg, the thermo-physical properties of the steel, and the processing parameters used for the simulations

are given in Tables 1-3.

Fig. 3 shows the top view of the transient temperature profile of the powder bed at different locations on the top
surface when the scan speed is 100 mm/s and the laser power is 100 W; Fig. 4 represents the cross-sectional view of the
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Fig. 4. Vertical cross-sectional view of the thermal profile of AlSi10Mg powder bed at different time steps in the DMLS process.

temperature profile. The temperature distribution in the melt pool region is shown by different colors. The temperature is
higher in the center of the melt pool region than in the other regions. The temperature contours on the top surface of
the molten pool look like a series of ellipses, and the ellipses are more intensive in the laser scan direction. At the center
of the molten pool, the AlSi10Mg alloy powder is in completely liquid form. The maximum temperature of the molten
pool at the 2nd, 4th, 6th, and 8th locations is 1162 °C, 1172°C, 1248°C, 1337°C, and 1841 °C, respectively; subsequently,
the length and width of molten pool are increased from 0.461 mm to 1.62 mm and from 0.515 mm to 1.683 mm. The
temperature in precise locations increases rapidly as the laser beam approaches and decreases sharply as the laser beam
moves away from that location. This happened due to a change in thermal conductivity from the powder to the solid layer,
which transfers heat quickly to the other regions of the powder bed. Also, the substrate plays a significant role in heat
dissipation.

The maximum temperature at the first location is relatively low as compared to the other locations. In DMLS process,
when the laser beam moves from one location to nearby one, the maximum temperature and the size of the molten pool
increase gradually. This is mainly attributed to the fact that heat stored in the previous location has an influence on the
next processing location and, accordingly, this leads to heat accumulation. The repetitive scan of the powder layers results in
rapid melting and solidification, which accomplishes a sound metallurgical bonding between the powder particles as well as
the adjacent powder layers. So, the liquid-state sintering of the AISi10Mg powder particles will take place and, as a result,
a completely dense build part is produced in the DMLS process.

3.2. Effect of laser power on thermal behavior

The temperature profile of the powder bed during the sintering process can provide useful input for determining the
distribution of the thermal stresses and predicting the residual stresses in the build part. Figs. 5 and 6 illustrate the top
view of the thermal profile and the cross-sectional view of the heat-penetrated region of the powder bed along the XY
plane with varying laser power at 70 W, 100 W, 130 W, 160 W, and 190 W, while keeping the laser scan speed constant at
100 mm/s in all cases.

From the thermal profile, it is observed that there is an enhancement of temperature with increasing the laser power. At
a laser power of 70 W, the average maximum temperature in the powder bed is approximately 731 °C, which is above the
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Fig. 5. Top view of the temperature contour of the powder bed for different laser powers: (a) 70 W, (b) 100 W, (c) 130 W, (d) 160 W, and (e) 190 W.

melting point of AlSi10Mg. When the laser power is increased from 70 W to 190 W, the average temperature in the powder
bed is changed from 731°C to 2672 °C, and the temperature gradient is significantly increased along the scan path, which
is clearly observed in the thermal profile. As the laser power increases, the beam intensity increases, which increases the
heat flux as per Eq. (2). The heat flux is directly proportional to the laser power. So, a high rate of heat transfer will occur
from the laser beam to the powder surface, which increases the temperature of the powder layer. The bottom surface of the
powder bed is in adiabatic condition, there will be no loss of heat from the bottom surface to the outside, as the thermal
gradient vanishes gradually. Hence, no temperature rise can be seen at the bottom wall. A high temperature is obtained in
the molten pool region as the laser directly touches the powder bed at that point. The higher value of heat is gradually
being transferred to other surfaces of the powder bed as the laser penetrates deeper into it. This is clearly evident from the
simulation results.

Fig. 7 shows the dimensions of the molten pool at different laser powers during the DMLS processing of AlSi10Mg alloy.
From the figure, it is observed that the length and width of the molten pool are approximately in positive linear relationship
with the applied laser power. As the utilized laser power is increased from 70 W to 190 W, noticeable enhancements of the
dimensions of the molten pool, i.e. its length (from 0.286 mm to 2.167 mm) and its width (from 0.327 mm to 1.962 mm)
are recorded.

Fig. 8 shows the plot of the sintering depth in the powder bed as a function of laser power. From the graph, it is
observed that with the increase in laser power, the laser beam intensity increases and thus the sintering depth increases.
The sintering depth is measured by using Image] software. When the laser power is 70 W, the maximum temperature
obtained is 731 °C, and the depth is 0.061 mm; when the laser power is 190 W, the temperature is 2672 °C, and the depth
is 0.872 mm. So, it is found that the laser power strongly affects the temperature and sintering depth values in a positive
way. Based on the sintering depth, the thickness of the powder layer is optimized as per the requirement for a particular
processing condition. So, the wastage of the powders in the DMLS process can be minimized.
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Fig. 6. Cross-sectional view of the heat penetration profile of the powder bed at different laser powers: (a) 70 W, (b) 100 W, (c) 130 W, (d) 160 W, and
(e) 190 W.
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Fig. 7. Variation of the molten pool dimensions with the laser power.

3.3. Effect of scan speed

Fig. 9 shows the top view of the temperature distribution of the powder layer in the DMLS process, when the scan
speed varies from 100 mm/s to 500 mm/s, keeping the laser power constant, i.e. 100 W. From the simulation profile, it is
observed that with increasing the scan speed, the laser energy density is gradually decreasing, which results in a decrease
in temperature. When the scan speed is 100 mm/s, the maximum temperature is 1721 °C and the depth is 3 mm. When the
speed is 200 mm/s, the maximum temperature is 1483 °C and the depth is about 0.689 mm. When the laser power and the
spot diameter are constant, the interaction time of the laser energy on the powder particles is longer with a lower scanning
speed and the sintering temperature is relatively higher for the effects of heat accumulation and heat conduction. On the
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Fig. 9. Thermal profile of the powder bed at different scan speeds: (a) 100 mm/s, (b) 200 mm/s, (c) 300 mm/s, (d) 400 mm/s, and (e) 500 mm/s.

contrary, the interaction time of the laser energy on the powder particles is shorter with a higher scanning speed and the
sintering temperature is relatively lower for the heat transfer around the powder particles with enough time.

Fig. 10 shows The cross-sectional view of the heat penetration profile of the powder bed at different scan speeds. The
heat penetration profile gives a clear picture of the temperature variation along the thickness side of the powder bed.

The molten pool’s dimension as a function of scan speed is shown in Fig. 11. From the graph, it is observed that the
dimensions of the molten pool decrease with the increment of scan speed. When increasing the scan speed from 100 to
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Fig. 10. Cross-sectional view of the heat penetration profile of the powder bed at different scan speeds: (a) 100 mm/s, (b) 200 mm/s, (c) 300 mm/s, (d) 400
mmy/s, and (e) 500 mm/s.
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Fig. 11. Variation of the molten pool’s dimension with the scan speed.

500 mm/s, the length of the molten pool decreases evidently from 1.923 mm to 0.468 mm. Meanwhile, the width of the
molten pool reduces from 1.897 mm to 0.450 mm.

Further, the calculation results manifest that the decreasing tendency becomes less pronounced as the utilized scan
speed is increased above 100 mmy/s. As scan speed depends on laser energy density, with increasing the former, the density
of the latter decreases, and hence the sintering depth is also decreased. This can be clearly seen in Fig. 12.

So, from the simulation results, it is found that sintering depth decreases from 0.973 mm to 0.209 mm with a decrease
in the value of the temperature; that is, depth and temperature are directly proportional to each other at different scanning
speeds.



M. Samantaray et al. / C. R. Mecanique 346 (2018) 1043-1054 1053

0.9 1
0.8 +
0.7 1 *
0.6 +

0.5 +

Sintering depth (mm)

0.4 1

0.3 4 *

0.2 1 *

: . : . T ; T
300 400 500
Scan speed (mm/s)

T T
100 200
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4. Conclusion

A comprehensive three-dimensional transient thermal model for direct metal laser sintering of AlSi10Mg alloy was de-
veloped on an ANSYS platform. The model investigated the temperature distribution and sintering behavior of a AlSi10Mg
built part with different laser power and scan speed values. Considering multiple modes of heat transfer and temperature-
dependent thermo-physical properties, the following conclusions can be inferred:

(i) from the simulation results, it is quite evident that the process parameters and material properties have a great influ-
ence on the quality and property of the sintered part. With increasing the laser power, the temperature in the molten
pool increases from 731°C to 2672 °C, and the length and width of the molten pool also increases significantly;

(ii) with an increase in scan speed (100 mm/s to 500 mm/s), the temperature of the molten pool decreases from 1721 °C
to 1162 °C due to the short interaction time of the laser beam with the powder bed;

(iii) the sintering depth of the powder bed increases from 0.061 mm to 0.872 mm with increasing laser power; a reverse
phenomenon is observed with increasing scan speed. This will help to optimize the thickness of the powder layer for
specific processing parameters and minimize the wastage of the excess powders;

(iv) from the current research, it can be concluded that optimization of the process parameters is necessary for obtaining a
good-quality product having smooth surface finish, stability, and greater dimensional accuracy.
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