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Abstract: In this research, the thermal analysis of additive fabrication by DMLS method
has been investigated. In the DMLS method, the metal powder is melted by a laser heat
source and finally a solid three-dimensional piece is formed. This analysis was
performed by finite element method in Abaqus software. Laser heat distribution is
considered Gaussian. The mechanical and thermal properties of the powder are
considered as a function of melting temperature. Finally, the results obtained by the finite
element method are compared with previous researches. The effects of laser speed and
power on temperature distribution have also been investigated.
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1 INTRODUCTION

Making additives or what is commonly referred to as
making by 3D printers, is a kind of production method
in which the production of the piece is a completed layer
by layer and the final shape of the piece is made. The
main difference between different methods of making
additives is the type of materials used, how the layers are
made and how they are connected to each other [1].
Many experts refer to additive manufacturing
technology as the Third Industrial Revolution and the
future of research on this technology is such that even
some industrialists believe that with significant
advances in the field of additive manufacturing,
manufacturing in the way it is done today will no longer
exist and making in this way creates a new style in
design and production [2-3]. In recent years, many
improvements have been made in the development of
materials, processes and machinery that enabled additive
manufacturing processes to progress from prototype to
rapid product prototype and transform industries such as
aerospace and medical instruments.

Recently, many studies have been conducted to study
temperature phenomena during the laser sintering
process. Tang el al. [4] studied the thermal behavior and
the effects of different process parameters on the quality
and accuracy of a three-dimensional solid structure
which is made of a special alloy based on copper. Simchi
[5] has analyzed the effect of processing parameters on
metal powder density in the direct metal laser sintering
process. He made a connection between the density of
metal powders and the laser energy during direct metal
laser sintering, which was very useful for metals and
alloys. Dong et al. [6] have proposed a transient three-
dimensional finite element model. To simulate phase
change during the laser sintering process by considering
thermal and sintering phenomena, Zeng el al [7]
developed a comprehensive thermal model for the
selective laser fusion process using the Fourier thermal
conductivity equation to investigate the temperature
distribution in the powder layer. Jian el al [8] provides a
three-dimensional transient model for temperature
simulation in the laser powder selective process for
aluminum coated with ceramic powder using a CO2
moving laser beam. Li and Gu [9] developed a finite
element model to predict the relationship between
processing parameters and thermal behavior when
selecting AlSi10Mg powder using Ansys 12.0 software.
The effect of laser power and laser scanning speed on
thermal behavior and initial melt pool were analyzed and
relevant experiments were also performed to study the
microstructure of the structure under different
conditions of the laser process to evaluate the physical
reliability of the model. Yuan and Gu [10] developed a
numerical model for the selective laser fluid of
TiC/AISi10Mg nanocomposites using the finite volume
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method and investigated the effect of process parameters
on temperature distribution. A three-dimensional finite
element model was proposed by Shi et al. [11] to
investigate the effects of laser power and scanning speed
on thermal behavior and melting mechanism for TiC/
Inconel 71 powder. In this study, in order to optimize
processing parameters, they discussed the mechanisms
that make up processing defects such as impact, pores,
clustering, and so on. Hu et al. [12] developed a finite
element model for selective multilayer laser melting of
AISi10Mg powder. Parametric analysis was performed
under different laser energy inputs. The effect of laser
energy input on temperature field, melt pool depth,
cooling rate and solidification morphology parameter
was also investigated. The simulation results provide
valuable theoretical guidance for the selection of laser
particles of the AlSi10Mg molecule. Kundakcioglu et al.
[13] investigated transient thermal analysis for the
additive manufacturing of complex three-dimensional
free-state structures in powder sintering systems and
laser heat sources. A new particle-based discrete element
model was proposed by Lee et al. [14] to investigate the
effects of laser power, laser scanning speed and gate
distance on the temperature distribution in the powder
bed in the direct metal laser sintering process.
According to previous studies, in the present study, the
mechanical and thermal properties of metal powder
variable with melting temperature and heat distribution
in the powder bed are considered in three dimensions.

2 METHODOLOGY

The aim of this project is numerical simulation of the
DMLS process for a specific alloy, which will be a
numerical method based on finite elements. The
relationship between all the effective parameters
proposed on the mechanical behaviour of the
manufactured part will be investigated and compared
with the results of resistance and mechanical tests and
the optimal points will be determined. Three-
dimensional simulation will also be performed in the
Abaqus software. The heat distribution of the laser beam
is assumed to be Gaussian. In addition, the powder
particle shape is assumed to be spherical and the powder
bed is considered to be continuous.

2.1. Powder Bed Modelling

To model the powder bed, according to previous studies,
the optimal diameter and porosity of the powder should
be selected. Ning et al. [15] by examining and
comparing the powders with different diameters by
mathematical and experimental methods, determined the
diameter of 20 microns as the optimal diameter. They
also found that the porosity can be considered equal to
0.1648. Therefore, in this study, the diameter of each
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powder particle is considered to be 20 microns and the
porosity is 0.1648.

2.2. Solving Governing Equations

In this section, first the governing equations are
expressed and then numerical simulation is performed
by finite element method in Abaqus software. Given that
the heat source in the DMLS process is a laser, according
to the thermal equilibrium relation, heat changes can be
expressed based on the input energy obtained from a
moving heat source as follows:
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Where, u is the internal energy, H is enthalpy, p

presents density, k shows thermal conductivity, ( is

heat source, t is time, x presents distance from the heat
source, V is the velocity of the moving heat source in the
direction of x and T is the temperature. Heat transfer
equation by applying the following assumptions:
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Which, k, p and C are the coefficient of thermal

conductivity, density and specific heat, respectively. The
transient solution of the laser mobile heat source
temperature according to the Gaussian heat distribution
is as follows [16]:
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Where, P is the power of the heat source, 77 is the heat

absorption coefficient, t is the current timeand t' is the
previous time. To calculate heat loss by displacement
and radiation, the following equations are written:

Qconv = Ah(T _To) (4)

Qrad = ASO—(T4 _T04) (5)

Which, Q. and Q,, are the heat loss due to

displacement and radiation, A is the area of the heatsink,
h is the displacement coefficient, & shows emission, o
is the Stephen-Boltzmann constant, T is the temperature
of the heatsink obtained by solving the heat transfer

equation of the heat source and Tyis the room

temperature. Equivalent power for heat loss can be
expressed as follows:

= AR(T -T,) + Ao (T* -T,) (6)
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The solution of the heatsink is also obtained as follows:
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The density of the powder bed is calculated as follows:
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Which, e is the density of the powder bed, p; is the
density of the solid part, Py is the density of the air and

& is the volume fraction [16-17].

k, = 5622 ©
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Where, K is the thermal conductivity of the powder

bed, kg is the solid thermal conductivity, iy is the

thermal conductivity of the air, the exponential factor
and & is the volume fraction of the empty space.

2.3. Finite Element Simulation

This section simulates the finite elements of the DMLS
process. For laser thermal simulation, Abaqus software
is linked to Fortran and all the equations of laser motion
are written in Fortran. Another Fortran subroutine has
also been used and coded to simulate changes in the
properties of the powder bed.

To simulate the laser, to determine the appropriate
Gaussian distribution of the laser beam, the DFLUX
subroutine was used to implement the laser heat source
with the Fortran code (“Fig. 17 ).
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Fig.1  Coordinates and schematic of laser motion.

The laser heat distribution equation is entered into
Abaqus as the heat load. The following equation shows
the Gaussian laser heat distribution:

—2r?

an =2 (1)

2
0

The above equation shows the thermal distribution
relative to the center of the laser beam, where r is the

distance from the laser radiation center, r, is the laser

radius, P is the laser power, and q is the heat flux. The
element used for the piece is considered solid and
homogeneous. The meshing of the piece is done as “Fig.
2" .

Fig.2  mesh of powder bed.
The element type is considered C3D8T. To define the
properties of the material, due to the powderiness of the
alloy, the properties of the alloy are written by the
subroutine UMAT.

3 NUMERICAL RESULTS AND DISCUSSIONS

In this section, the results of numerical solution are
reviewed. First, the solution is validated with previous
works, and the effects of laser speed and power on
temperature distribution were then studied.
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3.1. Numerical Solution Validation

First, in order to verify the heat distribution obtained, it
is compared with the research of Dong et al. [18], which
has been done numerically and experimentally. Dong et
al. [18] examined a rectangle measuring 2x1x 0.5 mm
made of titanium metal.

The initial temperature of the piece was considered to be
1800 Kelvin. Also, for modelling the powder bed, the
density property of the material was considered as
variable. Figure 3 shows that the present study is in good
agreement with the research of Dang et al.
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Fig.3  Comparison of the present solution with the
research of Dong et al [18].

Figure 4 shows the temperature diagram in terms of
location for different powers. This diagram shows that
increasing the power causes the temperature at the center
point of the laser to increase. The considered dimensions
are 8x8x0.2 mm.
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Fig.4  Temperature distribution diagram in x direction for
different powers.

Figure 5 shows the temperature changes for different
scan speeds. Figure 5 shows that increasing the scan
speed reduces the temperature penetration in the
substrates. In fact, increasing the speed causes the
underlying layers to have a lower temperature.
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stress and temperature range is smaller than other

V=900 mmis temperatures.
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#65 Table 1 Properties of Ti6AI4V alloy [19]
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Fig.5  Diagram of temperature distribution in z direction
for different scan speeds.
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Figure 6 shows a comparison of temperature and stress powder at temperature T 580 Co
distributions for different initial temperatures (preheat). 37 (kg.K)

Table 1 shows the properties of Ti6Al4V alloy [19]. 7 <2000)41L5
< .

Solid state specific heat 12x10°T —5x107TF ¢,
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Fig.6  Comparison of thermal stress and temperature for 1650
different initial temperatures: (a): 500, (b): 1000, and (c): s
1500 (K).
1550
As shown in “Fig. 6” , the thermal stress decreases as 1500

the preheating temperature approaches the melting
temperature. Also, the temperature and stress contour in
the preheated temperature is 1500 K, the maximum

t(s)
Fig. 7  Diagram of temperature change over time in
different places.
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Figures 7 and 8 show that with the laser movement, the
temperature and stress of the elements increase
compared to the temperature and stress of the previous
elements.
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Fig.8  Diagram of temperature change over time in
different places.

4  CONCLUSION

In this research, a three-dimensional analysis of the
additive production process by DMLS method has been
performed. The solution method was performed using
the finite element method in Abaqus software.

The research has yielded the following results:

e By approaching the preheating temperature to the
melting point of the alloy, the thermal stress is
reduced.

e As the laser scan speed increases, the temperature
penetration in the underlying layers decreases and
as a result, the underlying layer temperature
decreases.

e The temperature of the elements is higher than the
temperature of the previous element over time.
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