

  materials-16-00753




materials-16-00753







Materials 2023, 16(2), 753; doi:10.3390/ma16020753




Article



Thermal Modeling of Polyamide 12 Powder in the Selective Laser Sintering Process Using the Discrete Element Method



Reda Lakraimi 1, Hamid Abouchadi 1, Mourad Taha Janan 1, Abdellah Chehri 2,*[image: Orcid] and Rachid Saadane 3[image: Orcid]





1



Laboratory of Applied Mechanics and Technologies, ENSAM, Mohammed V University, Rabat 10100, Morocco






2



Department of Mathematics and Computer Science, Royal Military College of Canada, Kingston, ON K7K 7B4, Canada






3



SIRC-LaGeS, Hassania School of Public Works, Casablanca 20000, Morocco









*



Correspondence: chehri@rmc.ca







Academic Editor: Radosław Wichniarek



Received: 15 December 2022 / Revised: 29 December 2022 / Accepted: 4 January 2023 / Published: 12 January 2023



Abstract

:

Selective laser sintering (SLS) is one of the key additive manufacturing technologies that can build any complex three-dimensional structure without the use of any special tools. Thermal modeling of this process is required to anticipate the quality of the manufactured parts by assessing the microstructure, residual stresses, and structural deformations of the finished product. This paper proposes a framework for the thermal simulation of the SLS process based on the discrete element method (DEM) and numerically generated in Python. This framework simulates a polyamide 12 (PA12) particle domain to describe the temperature evolution in this domain using simple interaction laws between the DEM particles and considering the exchange of these particles with the boundary planes. The results obtained and the comparison with the literature show that the DEM frame accurately captures the temperature distribution in the domain scanned by the laser. The effect of laser power and projection time on the temperature of PA12 particles is investigated and validated with experimental settings to show the reliability of DEM in simulating powder-based additive manufacturing processes.
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1. Introduction


Selective laser sintering (SLS), one of the additive manufacturing techniques, uses computer-aided design to directly manufacture solid 3D products by sintering powder layer by layer [1]. This process is one of the additive manufacturing techniques, which is capable of producing exceedingly sophisticated items from a wide variety of simple materials without requiring the use of any tools.



Polyamide, generally known as nylon, is one of the powders that can be utilized in laser sintering. Polyamide is a durable and flexible material resistant to abrasion and wear. It is utilized in numerous industries, including the automotive, aerospace, and medical sectors. Several academic works aiming to study the SLS process have used PA12 powder as their research subject.



Figure 1 is a simplification of each process involved in the manufacturing of SLS. Ref. [1] provides a more in-depth overview of the SLS procedure.



The results of the SLS method include a variety of defects, such as size faults, layer delamination, porosity, and subpar material qualities [2]. These defects could be visible in the finished products. As a result, in order to achieve the goal of regulating the process-related factors and improving the quality of the final product, it is necessary to have a comprehensive understanding of the behavior of the powder while being projected by the laser source.



The behavior of the powder particles is affected by the complicated and variable geometric shapes of the particles, which further adds to the difficulty of the issue. In order to satisfy industrial standards and produce parts of the highest quality, a particle-based numerical modeling framework is required to describe the physical interactions of the powder particles that occur during the SLS process. This is necessary to produce parts that meet the industry’s requirements.



Several different approaches have been created to numerically simulate the physical interactions in the powder bed. These approaches aim to better understand the SLS process, better manage the equipment, and optimize the associated concerns.



The bulk of numerical studies on processes based on powders that are proposed in the literature use continuous methods, which treat the powder bed as a homogenous, continuous medium. This is because continuous methods assume that the powder bed is a single medium. In addition, they use a numerical method for solving multiphysics partial differential equations, which tends to minimize the significance of the role that air plays in the SLS process by acting as a buffer between the particles.



In the work of Gusarov et al. [3], a finite difference approach was used to model the melt. The two-flow method was employed to solve the radiative transfer equation, taking into account the diffusion and conduction heat transfer equations.



Dong et al. [4] used a 3D model with the finite element method (FEM) to study the temperature distribution in the sintering bath during the SLS process. The study considered the latent heat of phase transformation, the effect of convection in the powder bed, and the use of a laser with a power of 8 W at a scanning speed of 0.33 m/s.



Dong et al. [5] used the commercial software Abaqus, which uses the same numerical method to predict the temperature and density distribution of sintered polymers in the powder bed. Fisher et al. [6] also proposed a 2D FEM model of the periodic pulses of a laser on a polymer powder.



However, all cited research works based on continuous methods (FEM, FD, etc.) have limitations when modeling granular media. These models are incapable of capturing the physical behavior of the particles in the powder bed, and they significantly underestimate the effect of the air between the particles and ignore the discontinuity of the simulated material.



Moreover, the physical interactions in the powder bed are caused by collisions between the particles. The interactions are highly dependent on the type of bonding between the particles. Due to the SLS process’ discrete character and discontinuous behavior, modeling with continuous approaches is incompatible with the procedure.



In comparison, the discrete element method (DEM) is a numerical approximation technique used to investigate granular materials. It is capable of simulating a set of particles, investigating their physical reactions based on particle contact laws, and capturing the physical interaction between particles to produce the macro behavior of the simulated medium. The discontinuous medium is treated more realistically by DEM than the continuous method, making it the optimal technique for modeling the SLS process.



Despite all the above advantages, powder bed modeling by DEM is relatively rare in the literature. An exception is a study by Steuben et al. [7], which demonstrated the possibility of using the discrete element method in powder-based additive manufacturing processes with a relatively simple set of approximations and physical assumptions.



This paper develops a framework for thermal modeling powder-based additive manufacturing processes using the discrete element method. This framework describes in detail the steps and calculations required for the thermal simulation of particles in the powder bed.



To validate this DEM framework, it is applied to polyamide 12 (PA12) powder to study the temperature evolution at the center of the laser beam. The results are compared with experimental work by Lanzl et al. [8] and with the results of continuous methods implemented by Yaagoubi et al. [9].



In a second study, the effect of laser power and projection time on the temperature evolution of PA12 particles is investigated and compared with the experimental work. This model is implemented numerically in the Python programming language, following the basic steps of DEM.



The discrete element method is described in the following section. Section 3 provides a synopsis of the suggested methodology. Section 3 provides the mathematical model, its implementation, and its architecture. The findings and analysis are presented in Section 4. This paper is concluded in Section 5.




2. Discrete Element Method


The granular medium is represented in the discrete element method by a set of particles of simple geometric shape. Generally, spheres are treated independently as solids. These particles interact with each other through the laws of contact and friction between the particles. This discrete method is often used to simulate granular media because it describes their kinematics and discontinuous aspects in a natural way.



The particle model for mechanical problems was first used in geomechanics by Cundall [10] in 1979. Later, it was treated in a general and detailed way by Oñate et al. [11].



Currently, most of the literature concerning DEM is performed in geomechanics and rock mechanics. However, the method is rarely used to study additive manufacturing processes, especially powder-based, despite the suitability of DEM for the SLS process.



Figure 2 shows the variables associated with the mechanics of contact between particles in a powder bed. Each particle is described by cartesian components   ( x , y , z )   representing its center of mass, and the vector describing the coordinates of a particle   i   is denoted by     p   i    . The corresponding particle velocity, acceleration, and force vectors are represented by     v   i    ,     a   i    , and     f   i    , respectively. The normal and tangential directions are denoted by     n  →    and     τ  →   , respectively, and     δ   i j     represents the overlap between particles   i   and   j  .



Unlike other authors in [12,13] who utilize more complex geometries (ellipses and polyhedra), we used spherical particles, as shown in Figure 2. Spherical particles are preferred because of their straightforward geometry, which is identifiable and can be established using just two parameters: the radius and the particle center’s coordinates.



Additionally, because particle contact detection configurations are straightforward, the approximation is efficient in terms of memory usage and computing code. Because the stiffness of the contact between particles depends on the collision curvature and the particles are vulnerable to rotations that can alter their behavior in the simulation, this sphere/disc geometry is not usually used. Therefore, it is important to apply this approximation carefully.



The main conceptual element of the discrete element method is based on three steps, as shown in Figure 3.



2.1. Preliminary Steps


The geometry of the studied medium is represented by hundreds, thousands, and millions of discrete particles filling the modeled space. This geometry forms the simulation domain according to each application or use, such as the representation of bulk materials in tanks, containers, soils, and rocks.



Once the discrete elements form the geometry of the medium, we need to define all the necessary characteristic parameters that provide information about the geometry and all the material properties.



We also need to select the time step, taking into account several criteria:




	
The precision of the simulations: a small-time step is essential for precise and detailed solutions.



	
The duration of the simulation: if the simulation is too long, a larger time step is required.



	
The influence of the chosen integration scheme: explicit schemes are most commonly used in the literature, and the critical time step limits the selected time step.









2.2. Contact Search


The search for contact between particles is the most critical and challenging part of discrete element modeling in terms of the computational effort (60% to 90% of simulation time), especially for non-spherical particles. For this, we need a strategy to manage the set of contacts since it is impossible to perform a collision test for each particle with all other particles in the simulation domain.



In the literature, several techniques exist to spatially partition the domain so that collisions are defined by a neighborhood approach to minimize the number of collision tests. The most common strategies for spatial partitioning include a grid-based method, a tree-based algorithm (K-D-tree, quad-tree, and oct-tree), and a non-binary search method. Recommended references for collision detection methods are [14,15,16,17].




2.3. Contact Laws


2.3.1. Mechanical Contact Law


Once the particle collision has been confirmed, the proper contact relationship must be identified in order to record the material’s constitutive response. Figure 2 illustrates how the discrete numerical model calculates the contact force using only the normal and tangential displacement.



Generally speaking, the formulations that describe the typical interactions between the spheres are as follows:



The simplest form of the normal force is for the classical linear spring (Hooke’s law):


    f     n   i j     = −   K   n   .   δ   i j   .   n  →  ,   K   n   = c o n s t  



(1)




where     K   n     is the normal stiffness coefficient,     n  →    is the normal unit vector connecting the centers of the particles. Where     δ   i j     represents the overlap between the two spheres defined in Figure 2, i.e., the interpenetration distance between particles   i   and   j  , calculated using the following formula:


    δ   i j   =   R   i   +   R   j   −   D   i j    



(2)







With     D   i j   =     p   i   −   p   j      , and     .     representing the Euclidean norm of any vector. In addition,     R   i     et     R   j     are the radii of particles i and j, and     p   k    ,   k   ∈ {i, j}, is the position vector of the center of mass of the kth particle.



A Hertzian formulation of the normal force between two spheres:


    f     n   i j     = −   K   n   .   δ   i j     3   2      



(3)






  w i t h :   K   n   =   4   3   .   E  ^  .  R  ,   E  ^  =   E   1 − ϑ    








where     K   n     is the normal stiffness coefficient,     n  →    is the normal unit vector connecting the centers of the particles, and     δ   i j     represents the overlap between the two spheres defined in Figure 2, i.e., the interpenetration distance between particles   i   and   j  , where     δ   i j   =   R   i   +   R   j   −   D   i j    , with     D   i j   =     p   i   −   p   j      , and     .     represents the Euclidean norm of any vector. In addition,     R   i     et     R   j     are the radii of particles i and j, and     p   k    ,   k   ∈ {i, j}, is the position vector of the center of mass of the kth particle.



For the shear force, we have the simple formulation used by [7], where the tangential force is a function of the normal force:


    f     t   i j     = −   μ   c       f     n   i j             v   i   −   v   j           v   i   −   v   j        



(4)




with     μ   c     as a Coulomb friction coefficient,     v   i     and     v   j     are the velocity vectors of particles   i   and   j   participating in the collision.



In a powder bed containing multiple particles, each particle may be in contact with numerous particles simultaneously. Therefore, the resulting force on the particle   i   is written as follows:


    f   i   =   ∑  j      ( f     n   i j     +     f     t   i j     )  



(5)







According to [18], we can simplify the effect of the tangential force in the case where the average diameter of the particle is less than 50 μm and the velocity is low, so the equation of the force applied on the particle i becomes:


    f   i   =   ∑  j      f     n   i j     +   g  



(6)




where g is the gravitational force.




2.3.2. Thermal Contact Law


In addition to the mechanical generation, the particle system is also engaged in thermal transfer, as shown in Figure 4, which is the exchange of heat between particles.



The heat transfer in the case of particle-particle contact can be considered as pure conduction [7], and neglecting radiation or convection effects, in this case the heat flow from particle   j   to particle   i   has the following form:


    q   i j   =   λ   c       T   j   −   T   i      



(7)




where     T   i     and     T   j     are the temperatures of particles i and j, respectively, and     λ   c     is a thermal conduction coefficient between particles. This coefficient necessarily depends on the particles’ physical properties, size, and interpenetration distance.



For particles located on the upper surface of the powder bed, the effects of convection and radiation from the ambient air are added to the total heat flow on these particles.





2.4. Time Step Integration


After determining the thermal and mechanical influences for each particle in the system, it is necessary to propagate these influences in the motion of the particle system and increase the DEM simulation over time.



For discontinuity simulations, explicit time step integration is most frequently utilized in the literature. As demonstrated by [19], who suggested performing a comparison analysis of the most popular explicit time integration schemes in order to provide a clear overview of these schemes and select the best integration scheme for discontinuity modeling.





3. Methodology of the Model


Based on the general conceptual elements of DEM from the previous section, a numerical framework based on the discrete element method for powder-based additive manufacturing is developed to model the surface of a polyamide 12 powder layer thermally [8,9]. The details of this framework, the constitutive algorithm, and their implementation are described in the following sections.



3.1. Particle System Definition


In this simulation, we consider a DEM particle system of N spherical particles uniformly distributed, as shown in Figure 5, with cartesian spatial coordinates (x, y) occupying a surface S ∈     R   2     with bounding planes. A position vector     p   i     represents each particle in the system, which describes the particle’s center of mass.



There are also other parameters associated with each particle in the domain,     f   i     and     v   i     are, respectively, the corresponding vectors of the force and velocity of particle i, with its mass     m   i    , radius     r   i    , while     T   i     and     q   i     represent the temperature and heat flow. The direction of the parameters during the contact of the particles is well shown in Figure 2.



We simulated the laser projection onto the domain S, defined as a bounded area with 0 ≤ x ≤ 3 mm and 0 ≤ y ≤ 1 mm, with a uniform average radius over all particles,     r   i     = 0.025 mm, based on the current distribution given by [20] for PA12 powder used in additive manufacturing, as shown in Figure 6, where the average diameter of the particles is 60 μm. We chose a diameter of 50 μm to better distribute the particles in the field and agree with the surface’s dimensions.



The simulation time variable is denoted   τ  . At   τ  = 0, the laser spot is fringing the simulated domain, where the particle system is predefined and its deposition time in S is neglected. The simulation time step is   ∆ τ  , and     n   τ     is the total number of these time steps in the simulation. For stability, an approximation of the maximum time step given by [7], which requires   ∆ τ   ≪    ∆ τ   c r i t     with     ∆ τ   c r i t   ~      m   m i n       k   n       . where     m   m i n     is the minimum particle mass and     k   n     is the normal stiffness used for the calculation of the normal force.




3.2. Contact Search


Since the number of particles in the present study is not very high (1200 slices), we saw no need to use any of the previously mentioned algorithms for contact testing. Therefore, contact testing was performed for all particles in the computational domain. To minimize the simulation time and avoid excessive calculations, we added a general condition to stop the contact check when the maximum number of contacts was reached [21,22,23,24,25,26].



The indices of particles in contact with the particle under test are all stored in a separate list labelled     L   i     to calculate the thermal and mechanical contact laws (see Section 3.3).



Two particles are considered to be in contact if the distance between them is smaller than the collision radius. This distance is calculated sequentially according to the following equation:


      p   i   −   p   j     ≤   r   i   +   r   j    








where       p   i   −   p   j       is the normalized Euclidean distance between the particles in the test, and     r   i   +   r   j     is the sum of the radii of these particles.




3.3. Contact Modeling


Once we have detected the collision indices for each particle in the system, we must apply the contact law to the particle system.



3.3.1. Inter-Particle Contact Law


The most straightforward approach described above in Equations (1) and (4) is used to calculate the normal and tangential contact forces. Then, the total force of particle   i   generated by contact with particle   j   is calculated in the following form:


    f   i   =   ∑  j = 1     n   c          f     n   i j     +   f     t   i j          



(8)




when     f     n   i j       and     f     t   i j       have the form of Equations (1) and (4), and     n   c     is the number of contacts on a particle   i  .



In addition to mechanical forces, there are also thermal energy transfers. We will model these transfers between particles as pure conduction and neglect the radiative and convective transfers between them. Then, the total heat flow     ( q   i   )   on particle   i   is the sum of all the flows of particles   j   in contact with   i  , where it is calculated as follows:


    q   i   =   ∑  j = 1     n   c        q   i j       w i t h     q   i j   =   λ   c       T   j   −   T   i      



(9)







In this section, we neglect the effect of the boundary planes on the particle system, so we have to add the impact of these planes, which will be discussed in the next section.




3.3.2. Contact Law with the Boundary Planes


Our simulation introduces a rigid stationary plane as a bounding plane. The interaction of the particles with this bounding plane undergoes a normal force given by [7], with a distance condition that must be greater than the particle radius     r   i    .


     f     n   i , k     =   k   b     x   i       n   k    →    ;     x   i   =       0   i f     δ   b   ≥   r   i           r   i   −   δ   b     i f     δ   b   <   r   i           



(10)




where     k   b     is the boundary stiffness, and     δ   b     is the distance between particle i and the boundary plane,       n   k    →    is the normal unit vector to the boundary plane.



These boundary planes also participate in the heat transfer in the powder bed, which generally dissipates the system’s thermal energy to the outside. Then, the heat flow of particle i in contact with these planes is regulated by adding a flow by conduction toward these boundary planes, which describes the following formula:


    q   i   + =   λ   c b       T   b   −   T   i      



(11)




where     T   b     is the temperature of the bounding plane and     λ   c b     is the heat conduction coefficient with the boundary.



The particles on the upper surface lose heat by convection and radiation to the outside, so the heat flow should be adjusted as follows:


    q   i   + =   h   c       T   a   −   T   i     + ζ .   σ   S B   .       T   a     4   −   T   i   4      



(12)




where     T   a     is the ambient temperature,     h   c     is the convective heat transfer coefficient,   ζ   is the emissivity of the material, and     σ   S B     is the Stefan–Boltzmann constant.





3.4. Energy Deposition


In our work, we will simulate a stationary projection of the laser onto a bed of PA12 powder with the laser beam (    β   l    ) located at the center of the simulated surface, with coordinates     β   l   =   (x = 0.0015, y = 0.0005), and a heat input radius     r   l     = 0.0002 m. A view of the simulated granular medium is shown in Figure 7.



The position of the heat source is fixed and known at each time step, so a model describing the flow distribution must be integrated to determine the thermal energy transferred by the laser beam, to each particle, in whole or in part. The area scanned by the laser is often modeled in the literature by a cylindrical heat flow, where the power is constant at all points in the scanned circle.



In general, the cylindrical heat flow can be described as follows:     q   0   =   P   π *   r   l      , where   P   is the laser power and     r   l     is the radium of the laser beam.



The distance between each particle and the laser beam center is calculated at each time step. Depending on the calculated distance, we distinguish between fully or partially scanned particles by the laser (see Figure 8). Additional heat flow is applied to these particles according to:


    q   i   + =         q   0   .     S   i       S   l     , 0 ≤     p   i   −   β   l     ≤   r   l   −   r   i           q   0   .     S   i n t e r       S   l     ,   r   l   −   r   i   ≤     p   i   −   β   l     ≤   r   l   +   r   i         0   otherwise        



(13)




where       p   i   −   β   l       is the distance between particle i and the laser beam center,     S   i     is the area of particle i,     S   l     Sl is the area sintered by the laser,     S   i n t e r     is the area of intersection between the particle and the heat input area (e.g., the red area in Figure 8), and     q   0     is the total flow delivered by the laser, which is distributed among the particles using the coefficient       S   i       S   l       or       S   i n t e r       S   l      , depending on the degree of exposure of each particle.




3.5. Time Step Integration


Based on the integration schemes treated by [19] for the discrete element method, we decided to simulate our problem with the explicit integration scheme of Euler for the evolution in time. We apply the update scheme at each time step after the sequential computation of the forces and the heat flows.



The update scheme for each particle   i   is expressed as follows:


     v   i   ( τ + ∆ τ ) =   v   i   ( τ ) +     f   i   ( τ )     m   i     ∆ τ      p   i   ( τ + ∆ τ ) =   p   i   ( τ ) +   v   i     τ   ∆ τ      T   i   ( τ + ∆ τ ) =   T   i   ( τ ) +     q   i   ( τ )     m   i   ×   c   p     ∆ τ   








    c   p     is the specific heat capacity.




3.6. Implementation


The flowchart in Figure 9 clearly shows the execution steps followed in the Python implementation for the thermal simulation of the SLS process. The program results are stored for each particle at each time step. The positions of the particles, their radii, and their temperatures are exported and visualized by Python’s visualization library.





4. Results and Discussion


We modeled the temperature evolution at the laser beam’s center of PA12 powder, which is typically utilized in the SLS process, using the Python computer language, following the DEM framework for thermal modeling of the SLS procedure (Figure 10).



We compared our findings to an intriguing experimental setup by [8], where the temperature evolution of PA12 particles was examined in a DSC chip with properties similar to the laser used in SLS machines. This comparison served to validate our DEM framework.



Our findings are contrasted with those of [9], who used COMSOL software to predict the PA12 powder bed’s temperature evolution continuously.



All of these assignments were done under the following conditions: The laser power is 1.7 watts, the preheating temperature is 170 degrees Celsius, and all other circumstances are identical to those in Table 1. Due to the minimal difference between the preheating temperature and the sintering temperature, a low-power laser is chosen.



Figure 10 illustrates the temperature increase within the laser spot on the bed surface as a result of our DEM simulation. At the end of the simulation, the temperature is approximately 316 degrees Celsius, which is higher than the liquidus temperature of the PA12 powder, which is 300 degrees Celsius (300 °C). Because of the high input energy (p = 1.7 W) and the tiny diameter of the laser beam (  200   μ m  ), which led to a high energy concentration on the particles, this simulation generated a significant temperature increase during the duration of the simulation. Because of the continuous loss of thermal energy and the constant laser power throughout the simulations, the figure demonstrates that the progression of the temperature over time is nearly linear. This can be attributed to the fact that the simulations were run with constant laser power.



Our simulation result is compared with the works of [8,9] in Figure 11 to check the agreement of our DEM simulation with these works and evaluate the capabilities of DEM to simulate SLS processes.



Figure 11 demonstrates a strong agreement between our DEM simulation and the experimental result as well as the FEM simulation. The peak temperature attained at the end of the simulations (  τ = 0.006   s  ) is very similar in all three simulations, and the temperature evolution is very similar across the three results.



To illustrate the behavior of the PA12 particles in the DEM simulation, Figure 12 shows a view of the temperature evolution for each particle in the region under the laser beam projection for three different time steps. At τ = 0.001 s, the temperature in the powder bed is low, and the distribution is confined to the particles scanned by the laser.



Due to the low thermal conductivity of the PA12 grains, the medium becomes more homogeneous over time as the temperature in the bed rises. However, this process is gradual because of the heat transmission between the particles and surfaces.



In the second study, we will study the impact of the laser’s power and projection time on the temperature of the domain using the discrete element method. For this, the identical powder (PA12) will be simulated under a static laser source with two different laser powers (0.9 W and 0.6 W), while maintaining the other parameters listed in Table 1.



The results are displayed in Figure 13, which highlights the effect of laser power and scan duration on temperature evolution in the field. Particle temperature increases noticeably, reaching 250 °C at a power of 0.9 W and 200 °C at a power of 0.6 W.



The temperature evolution of the PA12 powder under two different laser powers is compared in Figure 14 with Lanzl’s experimental study [8].



The left curve (a) shows the temperature evolution of the PA12 powder from our simulation DEM and the two experimental tests of Lanzl under the same laser power of 0.9 W for different exposure times.



We can see a good agreement between our simulation and the experimental results since the evolution curve of our DEM simulation always lies between the two tests.



For a lower laser power, we have the temperature evolution in the right curve (b) with a laser power of 0.6 W. This gives us repeatable results, where the temperature evolution is practically the same for both works with a tiny margin of error.



The exciting comparison in both studies confirms the DEMs ability to model the powder’s thermal behavior under the projection of a laser and demonstrates the accuracy of the discrete element method for modeling the SLS process.




5. Conclusions


This study introduces a DEM framework for the thermal simulation of powder-based additive manufacturing processes. A comprehensive framework presents the computations required to characterize the particle interactions in the powder bed. The simulation of a polyamide 12 domain using this framework to predict the evolution of the maximum domain temperature under the static action of a laser point demonstrated its utility for the SLS process.



Using the system depicted in Figure 9, we could monitor the temporal evolution of the PA12 particle temperature. Among the particles of interest were those in the laser range, whose temperature evolution throughout the simulation was reasonably linear. The results were in remarkable agreement with the experimental data collected by Lanzl and the FEM results applied by Yaagoubi on the COMSOL program.



To demonstrate the effects of the laser power and scan length on the temperature evolution of the particle system, a second investigation using this DEM framework was undertaken on the same PA12 particle domain using different laser powers. In addition, we compared these results to Lanzl’s experimental design, which found a comparable level of convergence with a slightly higher margin of error.



These studies demonstrate that our DEM framework can simulate and capture the spatial and temporal thermal distributions of a particle system subjected to the projection of a heat source.



These interesting results will help in the development of a code that incorporates the majority of physical occurrences into the SLS approach, which will be the subject of further research in the near future.







Author Contributions


Conceptualization, R.L., H.A. and M.T.J.; methodology, R.L., H.A. and M.T.J.; software, R.L.; validation, R.L., H.A., M.T.J. and R.S.; formal analysis, R.L., H.A. and M.T.J.; investigation, R.L., H.A. and M.T.J.; writing—original draft preparation, R.L., H.A. and M.T.J.; writing—review and editing, A.C.; visualization, R.L., H.A., M.T.J., A.C. and R.S.; funding acquisition, A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yan, C.; Shi, Y.; Li, Z.; Wen, S.; Wei, Q. Selective Laser Sintering Additive Manufacturing Technology. In 3D Printing Technology Series; Academic Press: Cambridge, MA, USA, 2021. [Google Scholar] [CrossRef]

	



Wilms, M.B.; Rittinghaus, S.-K.; Goßling, M.; Gökce, B. Additive manufacturing of oxide-dispersion strengthened alloys: Materials, synthesis and manufacturing. Prog. Mater. Sci. 2023, 133, 101049, ISSN 0079-6425. [Google Scholar] [CrossRef]

	



Gusarov, A.; Kruth, J.-P. Modelling of radiation transfer in metallic powders at laser treatment. Int. J. Heat Mass Transf. 2005, 48, 3423–3434. [Google Scholar] [CrossRef]

	



Dong, L.; Makradi, A.; Ahzi, S.; Remond, Y. Finite Element Analysis of Temperature and Density Distributions in Selective Laser Sintering Process. Mater. Sci. Forum 2007, 553, 75–80. [Google Scholar] [CrossRef]

	



Dong, L.; Makradi, A.; Ahzi, S.; Remond, Y. Three-dimensional transient finite element analysis of the selective laser sintering process. J. Mater. Process. Technol. 2009, 209, 700–706. [Google Scholar] [CrossRef]

	



Fischer, P.; Karapatis, N.; Romano, V.; Glardon, R.; Weber, H. A model for the interaction of near-infrared laser pulses with metal powders in selective laser sintering. Appl. Phys. A 2002, 74, 467–474. [Google Scholar] [CrossRef]

	



Steuben, J.C.; Iliopoulos, A.P.; Michopoulos, J.G. Discrete element modeling of particle-based additive manufacturing processes. Comput. Methods Appl. Mech. Eng. 2016, 305, 537–561. [Google Scholar] [CrossRef]

	



Lanzl, L.; Wudy, K.; Drexler, M.; Drummer, D. Laser-high-speed-DSC: Process-oriented Thermal Analysis of PA 12 in Selective Laser Sintering. Phys. Procedia 2016, 83, 981–990. [Google Scholar] [CrossRef]

	



Yaagoubi, H.; Abouchadi, H.; Janan, M.T. Numerical simulation of heat transfer in the selective laser sintering process of Polyamide12. Energy Rep. 2021, 7, 189–199. [Google Scholar] [CrossRef]

	



Cundall, P.A.; Strack, O.D.L. A discrete numerical model for granular assemblies. Géotechnique 1979, 29, 47–65. [Google Scholar] [CrossRef]

	



Oñate, E.; Owen, R. Particle-Based Methods: Fundamentals and Applications; Springer Science & Business Media: Berlin, Germany, 2011. [Google Scholar]

	



Haeri, S.; Wang, Y.; Ghita, O.; Sun, J. Discrete element simulation and experimental study of powder spreading process in additive manufacturing. Powder Technol. 2017, 306, 45–54. [Google Scholar] [CrossRef]

	



Haeri, S. Optimisation of blade type spreaders for powder bed preparation in Additive Manufacturing using DEM simulations. Powder Technol. 2017, 321, 94–104. [Google Scholar] [CrossRef]

	



Nezami, E.G.; Hashash, Y.M.; Zhao, D.; Ghaboussi, J. A fast contact detection algorithm for 3-D discrete element method. Comput. Geotech. 2004, 31, 575–587. [Google Scholar] [CrossRef]

	



Nezami, E.G.; Hashash, Y.M.A.; Zhao, D.; Ghaboussi, J. Shortest link method for contact detection in discrete element method. Int. J. Numer. Anal. Methods Géoméch. 2006, 30, 783–801. [Google Scholar] [CrossRef]

	



Raschdorf, S.; Kolonko, M. A comparison of data structures for the simulation of polydisperse particle packings. Int. J. Numer. Methods Eng. 2011, 85, 625–639. [Google Scholar] [CrossRef]

	



MArmstrong, M.; Mehrabi, H.; Naveed, N. An overview of modern metal additive manufacturing technology. J. Manuf. Process. 2022, 84, 1001–1029, ISSN 1526-6125. [Google Scholar] [CrossRef]

	



Xin, L.; Boutaous, M.; Xin, S.; Siginer, D.A. Multiphysical modeling of the heating phase in the polymer powder bed fusion process. Addit. Manuf. 2017, 18, 121–135. [Google Scholar] [CrossRef]

	



Rougier, E.; Munjiza, A.; John, N.W.M. Numerical comparison of some explicit time integration schemes used in DEM, FEM/DEM and molecular dynamics. Int. J. Numer. Methods Eng. 2004, 61, 856–879. [Google Scholar] [CrossRef]

	



Drummer, D.; Drexler, M.; Wudy, K. Density of Laser Molten Polymer Parts as Function of Powder Coating Process during Additive Manufacturing. Procedia Eng. 2015, 102, 1908–1917. [Google Scholar] [CrossRef]

	



Osmanlic, F. Modeling of Selective Laser Sintering of Viscoelastic Polymers. Ph.D. Thesis, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Erlangen, Germany, 2019. [Google Scholar]

	



Franco, A.; Lanzetta, M.; Romoli, L. Experimental analysis of selective laser sintering of polyamide powders: An energy perspective. J. Clean. Prod. 2010, 18, 1722–1730. [Google Scholar] [CrossRef]

	



Stichel, T.; Frick, T.; Laumer, T.; Tenner, F.; Hausotte, T.; Merklein, M.; Schmidt, M. A Round Robin study for Selective Laser Sintering of polyamide 12: Microstructural origin of the mechanical properties. Opt. Laser Technol. 2017, 89, 31–40. [Google Scholar] [CrossRef]

	



Soldner, D.; Steinmann, P.; Mergheim, J. Modeling crystallization kinetics for selective laser sintering of polyamide 12. GAMM-Mitteilungen 2021, 44, e202100011. [Google Scholar] [CrossRef]

	



Yao, B.; Li, Z.; Zhu, F. Effect of powder recycling on anisotropic tensile properties of selective laser sintered PA2200 polyamide. Eur. Polym. J. 2020, 141, 110093. [Google Scholar] [CrossRef]

	



Ai, Y.; Liu, X.; Huang, Y.; Yu, L. Numerical analysis of the influence of molten pool instability on the weld formation during the high speed fiber laser welding. Int. J. Heat Mass Transf. 2020, 160, 120103. [Google Scholar] [CrossRef]








[image: Materials 16 00753 g001 550] 





Figure 1. Operating scheme of the SLS process. 
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Figure 2. Schematization of the parameters associated with the contact mechanics between the particles. 
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Figure 3. The basic steps for DEM modeling. 
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Figure 4. Heat flow exchange between particles. 
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Figure 5. Distribution of DEM particles in the powder bed. 
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Figure 6. Volume particle diameter distribution density for PA12 powders used in additive manufacturing [20]. 
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Figure 7. View of the heat input area in our simulation. 
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Figure 8. View of the particles completely and partially swept by the laser beam. 
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Figure 9. Flowchart in the Python implementation of the DEM framework. 
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Figure 10. The temperature evolution at the center of the laser beam in our DEM simulations with the parameters from Table 1. 
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Figure 11. Comparison of the temperature evolution in the center of the laser beam with the works of [8,9] using the same parameters mentioned in Table 1. 






Figure 11. Comparison of the temperature evolution in the center of the laser beam with the works of [8,9] using the same parameters mentioned in Table 1.



[image: Materials 16 00753 g011]







[image: Materials 16 00753 g012 550] 





Figure 12. Visualization of the temperature in the powder bed under the effect of a stationary laser at three different times (a = 0.001 s, b = 0.003 s, c = 0.006 s). 
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Figure 13. Laser beam center temperature depends on laser scan time and laser power. 
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Figure 14. Comparison of the temperature evolution in the center laser beam of our DEM simulation with the [8] results using two different powers (a = 0.9 W, b = 0.6 W) and the data in Table 1. 
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Table 1. The values of parameters used in the DEM simulations.
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	Parameter
	Notation
	Value





	Laser Power
	   P   
	1.7 W



	Preheating Temperature of the Powder
	     T   i     
	170 °C



	Sintering Temperature
	     T   s     
	180 °C



	The Temperature of the Chamber
	     T   a     
	170 °C



	Laser Beam Radius
	     r   l     
	200   μ m  



	Particle Radius
	     r   i     
	25   μ m  



	Simulation Time
	   τ   
	0.006 s



	Time Step
	   ∆ τ   
	0.001 s



	The Density of The Powder
	   ρ   
	1000     k g  /    m   3      



	Thermal Conductivity
	   λ   
	0.28     W  /  m · K    



	Domain Porosity
	   ε   
	0.8 (FEM), 0.78 (DEM)



	Stefan–Boltzmann Coefficient
	     σ   S B     
	5.67 ×     10   − 8    
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