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Abstract. This work presents a simple thermo-mechanical model based on the Discrete Element Method (DEM) 
for the rapid simulation of SLS processes. Our approach combines the DEM with lumped heat transfer equations 
to describe the various thermal phenomena that may take place when the particles are excited by external heat 
sources such as laser beams. We consider the essential ingredients that are relevant to the problem, such as inter-
particle contact and bonding, heat transfer (through conduction, convection and radiation) as well as phase 
transformation due to high temperature changes (which may be critical in certain applications). The model is 
relatively simple and straightforward to be implemented by engineers and analysts interested in the field, and may 
be a useful tool for practical, rapid process simulation, design, and analysis. Numerical examples are provided to 
illustrate the practical use of the proposed framework for the simulation of SLS advanced manufacturing processes. 
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1  Introduction 

In the last years, modern industry (such as in aerospace, automotive and biomedical fields, to cite just a few) 
has incorporated Additive Manufacturing (AM) techniques as a fast and efficient alternative for the manufacture 
of industrial parts. These processes allow the production of 3D large-scale complex structures offering the chance 
of the production of customized parts, sometimes with individualized properties, and with a remarkable reduction 
of material usage. This technology came about as a result of developments in a diversity of different technology 
sectors, for example: computing power, control, and the improvement on the design of many kinds of subdevices 
used in AM processes. Also, the advances in the structural design, like topology optimization, constitutes a key 
point that enables to a better use and take advantage of all the capabilities of this technology. Many of the earliest 
AM systems were based on laser technology and until now, continue as an ideal candidate as long as this 
technology requires material in each layer to be solidified or joined in a selective manner. 

Selective Laser Sintering (SLS) is an AM technique whereby powder particles are sintered (or partially fused) 
through an external heat source (typically, a laser beam). According to Milewski [1], in SLS process, a heat source 
is used to break up surface oxides to bring atoms and molecules close enough to allow diffusion and grain growth 
to form metallic bonds between the particles. The final microstructure is created under a controlled porosity, and 
the void volume or un-sintered spaces will depend upon the material, temperature, pressure, and time. This 
technology was the first commercialized Powder Bed Fusion (PBF) technique and originally was developed to 
produce plastic prototypes using a point-wise laser. According to Gibson et al. [2], this approach was subsequently 
extended to metal and ceramics powder and is very popular nowadays in the industry – reason why it is one that 
we opt to focus here. With this technique, becomes easier to print alloys containing materials with different melting 
points, or even combine two different materials, like metal and plastic materials (e.g., alumide, which is a mixture 
of nylon powder and aluminum powder) and since the SLS technique does not fully melt the metal, less energy is 
required in the process. Another common technique in AM is the Selective Laser Melting (SLM), where the metal 
powder particles fully melt and fuse to each other to create a solid part. However, unpredictable properties of the 
final manufactured product remain as one of the main barriers to adoption of AM (including SLS). 
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2  Simulation of a metal manufactured prototype ring using SLS process 

In the following example, we use a DEM formulation by the authors (see [3] [4] [5]) simulate a sintering-
based AM process to build a ring-like part of mean diameter 1.0d  mm (see Figure 1a). A sample of metallic 
powder is randomly generated with particle sizes following a Gaussian distribution with a mean diameter of 

27d  µm and std. dev. of 3.5 µm (the distribution is truncated at three std. dev. from the mean such that all 
diameters lie in the interval [16.5 µm, 37.5 µm]) resulting in 12000NP   particles. The particles were deposited 
by gravity onto a rigid surface and allowed to settle, as to form a 2 mm × 2 mm square bed domain. The chosen 
material for the metallic powder particles is the 316L stainless steel (316L SS), which is usually adopted by 
manufacturers in SLS processes. The material properties (mechanical and thermal) for 316L SS as a function of 
temperature and phase are depicted in Table 1 (values in between the specified ranges are obtained through 
Lagrangian interpolation). To consider the phase transformation, we follow the same model of Ganeriwala and 
Zohdi [6] [7]. Other parameters used in the simulation are given in Table 2. The type of laser used was the Gaussian 
laser beam with a cross-sectional diameter of 0.24d   mm scanning over the particle bed with a constant velocity 
of 4000 rad/s and following a circular pattern motion (see, Figure 1b). The time-step size adopted, considering that 
the particles are very stiff, was of 82 10t    s for the initial deposition stage and 95 10t    for the laser 
sintering stage, taking into account that we are considering phase transformation of the material. The beam is 
allowed to scan for four laps, and the total simulation time was of 36.28 10Ft

  s. An inert gas is considered as 
the surrounding atmosphere of the simulation. This is a typical practice in SLS processes to avoid oxidation that 
would affect the melting and consolidation of the metal particles. The computation time required for the simulation 
is about 0.085 hours per each 56.28 10 s of the problem´s duration in a standard, single processor laptop 
computer (at 2.30 GHz) with no parallelization nor usage of the graphics processing unit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Laser-sintering of a prototype metal ring. Problem definition.            
a) Top view b) Isometric view 
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Table 1. Material properties for 316L SS as a function of temperature.                                                          
Source: AK Steel [8] 

Temperature 
(K) 

Specific heat 
(J/kg K) 

Thermal 
conductivity 

(W/m K) 

Density 
(kg/m3) 

Elasticity 
modulus 

(GPa) 
293 452 13.3 7952 198 
366 485 14.3 7919 194 
478 527 15.9 7877 185 
589 548 17.5 7831 177 
700 565 19.0 7786 167 
811 573 19.8 7739 157 
922 586 21.9 7692 148 

1033 615 23.2 7640 137 
1144 649 24.6 7587 129 
1255 690 26.2 7537 120 

1700 (liquid) 815 32.4 7300 1.70×10-6 

Table 2. Parameters used in the simulation 

Nº Parameter Values 

1 
Particles´ elastic modulus (room temperature) and 
Poisson’s ratio 

198 GPa and 0.26 

2 Particles´ friction and rolling resistance coeffs. 0.5 
3 Particles´ contact and friction damping rates 0.9 

4 Adhesion parameters (see [4]) bond , ad h and ,eqij  1.0, 1.0 and 0.01 

5 Sintering, melting and boiling temperature 
1200K, 1700 K and 
3130 K 

6 Latent heat of melting 2.99 × 105 J/kg 
7 Latent heat of vaporization 6.09 × 106 J/kg 
8 Material emissivity and absorptivity 0.33 
9 Laser scan speed 4000 rad/s 
10 Laser spot size  120 µm  
11 Powder bed porosity 0.55 
12 Preheat particles´ temperature 363 K 
13 Environment temperature 363 K 

14 Temperature amplitude for phase transformation 
170 K (10% of 
melting temperature) 

 
To track the motion of the particles and their thermal states over time under the influence of body (e.g. 

gravitational) forces, contact and friction forces (and the related moments w.r.t the particles´ centers), rolling 
resistance effects, heat transfer through conduction (at the particles´ interfaces upon contact with other particles), 
convective cooling and radiative effects, we follow the thermo-mechanical formulation of previous works of the 
authors, Quintana-Ruiz and Campello [3] [9]. To consider the thermal energy that hits a particle from the laser 
beam we compute an intensity function depending on the particle’s position w.r.t. the device´s (or beam´s) center. 
This function is as follows 

 ,
2 2( 2 / )

0( , ) wdev i i
i i i i

zI z I Ae e     (1) 

where 0I  is the peak intensity, i iA r 2 is the particle´s frontal area, i  is the radial distance between the 
center of the beam and particle i ,   is the attenuation coefficient, which gives a measure of how quickly an 
electromagnetic wave attenuates in the material, and w  is the beam spot size (the radius of the beam itself). For 
the peak intensity, we write eq. (2), where 0P  is the nominal power of the laser in (W) and f  is the distribution 
factor (i.e., a factor such that the energy becomes more focused with a higher value of f , see DebRoy [10]): 
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For powders and granular materials, the attenuation coefficient may be computed according to the theory 
of Gusarov et al. [11] [12]. It can be found in the literature by the name of optical extinction coefficient  . For 
spherical powder particles this value can be approximated as 

 
3 1 1

.
2 D







   (3) 

where   is the porosity of the powder bed, and 2 iD r  is the dimension of a typical particle. Other expressions 
for the device´s input power may be adopted, according to the problem at hand. For the adhesion force between 
particles, we compute the bonding in the normal direction according to the formulation proposed by the Campello 
and Quintana-Ruiz [4] and besides that, we include a tangential adhesion force and a rotational adhesion moment, 
such that  

 trial
 ,, tan ,tan

,tan ,
bond bond
ij bond ij ij tk d f x v   (4) 

where , tan
ij
bondf  is the adhesion force in the tangential direction and, ,tanbondk  is the adhesion stiffness in the 

tangential direction, ij
trialx is the pair´s trial adhesion deformation in the tangential direction and ,tanbondd  is a 

friction tangential damping constant 

 , tan *
,tan2 .bond bond

bondd m k   (5) 

where bond  is the damping rate of the oscillation and *m is the effective mass of the pair i j . For the rotational 
adhesion moment, we have 

 trial, ,tan , ,tan , ,tan ,bond rol bond rol bond rol
ij ij ijk d  m     (6) 

where , ,tan
ij
bond rolm  is the rotational adhesion moment, ij

trial  is the pair´s trial adhesion rotation, , ,tanbond rolk  is 
the stiffness of the rotational spring, and , ,tanbond rold  is a rolling damping constant, given by 

 and, ,tan * 2 , ,tan * , ,tan
,tan ,( )bond rol bond rol bond bond rol

bondk k r d j k    (7)  

where *r is the effective radius and *j is the rotational inertia of the pair i j  w.r.t. its contact point. Moreover, 
we include a temperature criterion for bonding, whereby for a contacting pair i j  the temperatures of both 
particle i  and particle j  must be higher than a specified critical temperature (which is the sintering temperature) 
for the bond to be activated between them1. According to Shi et al. [13], an appropriate scanning strategy 
contributes to reduce distortion, anisotropy and porosity on the final manufactured piece. Moreover, helps to define 
the proper hatch spacing (distance between laser passes), which is particularly important to avoid improper 
bonding between particles and undesired cooling and solidification. To assess some of these issues, we run a series 
of simulations varying the distribution factor f  and the nominal power 0P  of the laser, while keeping the scanning 
speed fixed. Our interest is to find the ideal combination that will guarantee a proper bonding between particles, a 
coherent and uniform width of the ring, while ideally requiring less energy from the laser. The values of 0P  
adopted in the simulation were: 100 W, 150 W, 200 W, with f  varying from 1 up to 4 for each value of 0P . 
 Figure 2 shows the final configurations for each case after four laps ( 36.28 10Ft

  s). As expected, 
when the value of f  increases the energy becomes more focused independently of the laser power. According to 
our model, the gas phase is reached when the temperature is higher than 3215 K. Figure 3 shows a side view of 
the bed at the end of the fourth lap for the cases where gas particles are observed. Figure 4 shows snapshots of the 
sintered piece as obtained with our simulations and Table 3 summarizes the average and maximum temperatures 
reached by the powder bed at the final lap. As we can see, the amount of particles with bonding directly depends 
on the power of the laser and the distribution factor. However, too high values may turn some particles into gas, 
and this could create an undesired entrapped porosity on the final manufactured piece. 

 
1 The same criterion is adopted by Xin et al. [15]. 
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Figure 3. Side view of the powder bed for 2 cases showing particles with gas phase 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Temperature distribution of the powder bed as a function of laser nominal power and 

distribution factor at the end of the fourth lap ( 36.28 10Ft
  ) 
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Figure 4. Final sintered piece after four laps for the cases with P0 = 100 W and 200 W 
and f = 4. From left to right: top view of the particle bed, top view of the final piece 

(only bonded particles shown), side view of the final piece   

 

 

 

 

 

 
 

 

 

 

Table 3. Summarized temperatures obtained in the simulation at the end of the fourth lap 

Power (W) Distribution factor ( f ) 
Temperature (K) 

Average Maximum 

100 

1 421.861 1700.245 
2 469.193 2775.754 
3 510.517 3068.477 
4 544.580 3101.891 

150 

1 446.556 2187.183 
2 510.517 3068.477 
3 593.937 3158.262 
4 638.484  3215.008* 

200 

1 469.193 2775.754 
2 544.580 3101.891 
3 638.484  3215.008* 

4 676.584  3215.016* 

 * Gas phase 
 

For the series of simulations presented in this example, we have varied the intensity and distribution factor 
of the laser and fixed the scanning velocity and the size of the particles, but our model has the flexibility to vary 
other parameters like the type of material, the scanning speed, and so on. The optimal set of parameters to be 
determined will depend on the material, geometry process parameters and purpose of the fabricated piece. The 
incorporation of genetic algorithms and machine learning as a tool for the optimization of AM processes are 
currently under development by the authors. 

3  Conclusions 

By the obtained results we found how the amount and distribution (w.r.t. the beam´s cross-section) of energy 
provided to the system influenced on the final number of particles with bonding and its effects on the quality of 
the final manufactured piece. This can be very helpful to identify the best set of parameters that will guarantee the 
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proper bonding between particles and the amount of energy that will be required. Moreover, this model allows us 
to study an optimal size distribution for the particles to ensure the maximum quantity of particles with adhesion 
without reaching an undesirable gas phase, which as we said before, will be increase the porosity. We believe that, 
with models of the type as proposed here, many AM industrial processes may be optimized, and experimental tests 
may be set up in a more oriented way.          
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