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1. Introduction

The Selective Laser Sintering (SLS) is a promising additive manufacturing technique for modern material processing. It
is drawing more and more attention from scientific communities and industries. Although recent technology improvements
made it move from rapid prototyping to production, SLS is not yet a reliable process for thermoplastics, because of limited
quality of the resultant parts compared to those from classical processes [1].

So that the SLS becomes reliable for thermoplastic materials, more efforts are still needed to understand the physical
phenomena involved in the process, model them conveniently, implement the corresponding models in a numerical tool for
simulating the different steps of the process, validate the tool and perform relevant studies so as to improve the quality of
the final parts. New knowledge and academic developments are therefore needed to perform studies on SLS process and
make a link between process, material structure, and parts’ final properties.

Despite the apparent simplicity of the SLS concept, the involved physical phenomena are numerous and complex: in-
teraction between laser and powder bed, melting, coalescence of melted grains and air diffusion versus densification,
solidification versus crystallization, volume shrinkage, and layers deposition. Furthermore, these phenomena spread over
different scales of time and space.
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Moreover, the quality of SLS parts depends on a large number of process and material parameters: type of polymer, grain
size, layer thickness, laser power, diameter of laser beam, scanning velocity, spacing between laser scans, powder spreading
speed, preheat temperature, etc.

Considering the melting step, for example, the first modeling necessary to be done concerns how laser beam interacts
with powder bed, how the powder melts, how porosity of the powder layer changes and how the thermo-physical properties
of the melting zones evolve in time. As evolution of the thermo-physical properties of the melt controls the density and
the micro-structure of the final part, faithful models are indispensable. In other words, the corresponding models must be
validated.

The models, either validated or not, should be then used in a numerical tool to simulate the whole process. As no
commercial software is available, the development of a numerical code is necessary in order to study the SLS of a polymer
powder. There arise questions on the approach, the mathematical formulation, and the numerical method to be used. Again,
the numerical tool developed needs to be validated before any use for understanding and optimization of the SLS process.
This leads to the conclusion that polymers SLS process simulation is a very complex multi-disciplinary work and that
tremendous research efforts on the topic are needed to face the challenge. The present paper aims at addressing various
needs in the simulation of an SLS process in order to give a global view and presenting some work we realized.

The paper is organized as follows: after detailing the main steps of an SLS process and the modeling aspects of the
involved physical phenomena, simulation aspects will be discussed, before presenting the mathematical formulation and
numerical methods used and the results obtained in terms of validation; finally, concluding remarks, with discussions of the
capabilities of the developed tool, and perspectives for the SLS modeling are given.

2. SLS process and modeling aspects

In an SLS process, both the production and supply zones are preheated to homogenize and reduce the temperature
gradient. The preheating temperatures could be different, but they remain slightly below the onset melting point and above
the crystallization point [2]. For convenience, it can be considered that both zones are preheated at the same temperature
and that preheating does not need to be modeled.

A laser placed above the production zone or the powder bed can be used to merge polymer grains on the surface of
the powder bed by means of a scanning mirror. As is mentioned in the introduction, the laser beam interacts with the
powder bed, which is a granular material, and the interaction depends on the laser wavelength, the powder distribution
size, and the chemical composition of the polymer. The supplied energy in the material is usually represented in the depth
direction by an exponential law named Beer-Lambert law, which is also suitable for UV and IR radiation [3]. Many studies
simplify the problem and consider only surface interaction [4], but it was widely known and physically proven that it
is a volumetric interaction [5,2], involving x-ray diffraction (Mie theory) and the behavior of semi-transparent materials
due to the materials’ nature [3] and the granular state [6,7]. As the interaction between the laser beam and the polymer
powder bed is the starting point of an SLS process, we investigated it in previous works [8,7] by considering absorption,
transmission, and diffusion with multiple scattering of the laser beam in a granular material. In fact, most of polymer
grains are semi-transparent to laser beam, and their size is close to the laser wavelength. This suggests application of Mie
theory. A modified Monte Carlo ray tracing method coupled with Mie theory was then developed and implemented, as
in our previous work [7]. The results were validated by a case of both metallic and polymer powders. The application of
the method to a polymer powder bed showed important influences of multiple scattering. As observed experimentally, the
model predicts a larger heating zone near the bed surface in comparison with the diameter of the laser beam and the
heating zone decreases or shrinks with increasing depth [7].

Laser power, provided to polymer grains, heats and melts them. The melted grains coalesce, and this tends to densify
the bed and make air between grains escape through open pores to the bed surface. When pores are fully closed, gas
diffusion starts, and the densification of the bed continues. Both coalescence and air diffusion induce bed densification and
evolution of the bed porosity. They need to be taken into account when modeling the SLS process. There are many works
in the literature on coalescence [9,10] and on air diffusion [11,12]. Note that polymer viscosity and surface tension are two
important factors for coalescence, but also viscoelasticity and relaxation time (reptation time) play important roles in the
densification process compared to metallic materials.

The melting of polymer grains results in an evolution of the powder thermo-physical properties that need to be modeled
for accurate simulation of the SLS process. Unfortunately, semi-crystalline polymer grains do not have a fixed melting point:
they melt in a range of temperature. In fact, polymers are not pure molecular materials, but are constituted by a statistical
distribution of macromolecules, leading to different melting temperatures, as they interact by different Van der Waals forces.
During this step, all the evolutions of the thermophysical properties need to be accurately described, and a fusion model
is required to link the solid and fully melted states. In terms of energy balance, a heat sink representing latent heat, the
amount of energy needed for melting, should appear in the energy equation. As the fusion model proposed by Voller
et al. [13] is based on the volume fraction of liquid, we suggest also a similar approach to define the evolutions of the
thermo-physical properties during melting.

Another consequence of the bed densification and air exhaust is the volume shrinkage, which should be also considered
in simulation of the process. As volume shrinkage is closely related to the evolution of bed porosity, convenient modeling of
coalescence and air diffusion is indispensable, and its accuracy is crucial for the predictions of the final part’s behavior and
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Fig. 1. Stress-strain behavior of a Nylon polymer [1].

quality. In fact, the porosity is responsible of the worst mechanical properties of materials issued from additive manufactur-
ing, compared to classical manufacturing process as shown in Fig. 1. In addition, it is widely established that the ductility
of classical materials is higher than that of materials issued from additive manufacturing. The consolidation phenomenon
between particles and the remaining porosity in the final part have a great influence on the obtained mechanical properties
[14], but also the quality of the welding interfaces between grains plays a great role, which is unavoidable in this process,
but not involved in classical ones. After scanning all the paths designed for a given layer, a new one is deposited. A roller
is usually used to supply a new powder layer and its spreading speed is smaller than that of laser scanning. Hence, the
deposition of a new layer should also be taken into account in the simulation of an SLS process and thus modeled. The
laser beam scans the paths designed for this layer: there are again interaction between laser beam and powder bed, melt-
ing, coalescence, and air diffusion, as in the first laser-scanned layer, but with new boundary conditions. We should now
consider the last layer state and temperature, and thermal interaction between the facing layers, having different physical
and thermal histories.

The deposition of new layers is repeated until the whole part is processed. The part will then be cooled down. During
this cooling step, crystallization takes place, and another source term appears in the energy equation and corresponds to the
exothermal enthalpy generated by the crystallization kinetics. The crystallization process consists in the rearrangement of
polymer chains leading to the formation of ordered structures and semi-crystalline regions. The thermophysical properties
in these regions depend on the degree of crystallinity and need also to be modeled. As the degree of crystallinity is resulted
from crystallization history and conditions, modeling crystallization kinetics is indispensable for simulating an SLS process.
The literature about crystallization modeling is rich. The interested reader can find a review with more details in [15-19].

3. Simulation aspects

Apart from the large number of models to be used, there arise several concerns in process simulation of the SLS of a
polymer powder: simulating scale, mathematical formulation, numerical methods, and validation.

The powder bed can be considered as a porous or granular medium. Depending on the consideration chosen or simpli-
fying hypothesis, the simulating scale differs. If the polymer powder is viewed as a granular medium, simulation should be
done at the grain level. If it is a porous medium, one should adapt the common methodology used to study porous media:
the powder bed will be considered as a homogeneous medium, and specific modeling and numerical methods for such
materials should be introduced.

In our previous works [8,7], the granular medium of the powder bed was considered. The energy equation was formu-
lated at the grain level and a Discrete Element Method (DEM) was developed to solve the equations. Even if the approach
is really interesting, especially to model the laser-powder interaction and to determine the heat source in the process, its
computation cost makes its extension to the real part scale difficult.

This led to the consideration of a powder layer as a homogeneous medium. The choice gives rise to some complexity in
the mathematical formulation: the thermo-physical properties should be modeled for the equivalent homogeneous medium.
It means that another modeling between polymer and air should be added to that on the grain level due to melting and
crystallization. Based on the homogenized properties, the energy equation is written and can be solved by the well-known
classical numerical methods as finite elements, finite differences or finite volumes. Finite element methods are often used
in the literature [20-22,4,23], but there are difficulties to take into account volume shrinkage and deposition of a new
layer. As it is easier for finite difference methods or finite volume methods to consider volume shrinkage and deposition
of a new layer, we choose finite volume methods to solve the energy equation. Concerning the time scheme, an implicit
scheme is chosen in order to use larger time steps and study larger domain sizes and more deposited layers. The last issue
of the simulation concerns its validation. In the literature, validation means usually comparison with experimental results
with reasonable agreement. In fact, there are three levels of validation: the first one is the validation of various models
of the physical phenomena involved in an SLS process, the second one is that of their numerical implementation in a
simulation tool, and the last one is that against experimental data. Given the number of models to be used in simulating
an SLS process, it would be difficult to get all the models separately validated for a polymer bed, as they interact with each
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other, and form a global approach to be validated at the level of the whole process. On the second level, validation works
can be done by showing the accuracy of numerical results. Numerical methods and time schemes have their own order
of theoretical accuracy. It is important that the simulation tool developed yields numerical results of the same order of
accuracy as that suggested by theory. This helps minimizing errors related to numerical implementation of various models
and should become the common practice in such approaches developed for simulating the SLS process.

Concerning the last level of validation, there are only few relevant experimental works [5,24,22,2] in the literature, and
in all the cases, data inputs for simulations are not completely available. Therefore, needs for experimental works in order
to validate the numerical tools are crucial. It constitutes a real need and challenge in studying additive manufacturing
processes. It would be interesting to follow a benchmarking approach: a benchmark problem can be commonly defined for
a polymer powder with known characteristics, a prescribed SLS process with fixed preheating temperature, a number of
laser paths, a number of deposited layers, etc.

4. Mathematical formulation and numerical methods
4.1. Governing equation

The enthalpy of the polymer bed is expressed in terms of temperature and homogenized properties. The physical problem
of the SLS process is formulated by the following transient energy balance:

aT
PCpyp =V OVT)+Q + Sp+Se (1)

where T is temperature, p, Cp, and A are respectively density, specific heat, and thermal conductivity of the homogenized
polymer bed, Q is the volumetric heat source resulted from the interaction between laser beam and polymer bed, St is the
melting latent heat defined as in [13], and S. is the crystallization enthalpy provided during the cooling step. Q and S. are
heat sources, while Sf is a heat sink. Note also that Q and Sf can appear at the same time and the same location in the
powder bed, and that S takes place only after Q and St disappear. p, Cp, A, Q, St and S¢ should all come from modeling.

It is clear that, due to the high viscosity of polymers, all flows could be considered as negligible during modeling, which
is not true in the case of metals.

4.2. Modeling the multiphysics phenomena

For the thermo-physical properties of the homogenized powder bed, the effective density and specific heat are calculated
using the mixing law that depends on the gas fraction or the porosity ¢ and on the liquid fraction fi of the polymer:

p=0-9) [(1 — fD)pps + flppl] + ¢Pgas (2)
Cp= [(1 - ) [(1 — f)Pps(Cp)ps + flppl(cp)pl] + Qppgas(cp)gas] /0 (3)

In the above models, the subscripts ‘ps’, ‘pl’, ‘gas’ indicate, respectively, the solid, liquid, and gas phases. Modeling of thermal
conductivity is complicated because it is an intensive quantity, with tensorial representation. There is no general model
that allows one to get the effective conductivity of a composite as a function of the different contributions. The thermal
conductivity of a powder bed is mainly dictated by the thermal conductivity of the gas present within the voids between
grains [25].

For the powder bed, the empirical correlation proposed by Hashin & Shtrikman [26], based on the exact Maxwell model,
is used to obtain the effective conductivity of the medium. This model offers the possibility to calibrate the predicted values
by the geometric factor d, which is related to the grains’ shape:

1+yd-1)1-¢)
1-y(d-9)

_ Ap — Agas

N Ap + (d— D Agas

Without melting, the A, of polymer is equal to Aps, the thermal conductivity of semi-crystalline polymer. In the case of
melting due to the low ratio between the conductivities of the liquid (amorphous) and the semi-crystalline phases, the
thermal conductivity of the polymer is calculated using a mixing law proposed by Le Goff et al. [27]:

)\p =(1- fl))&ps + fl)hpl (6)

Note that the parameters p, C, and A of the polymer bed depend strongly on the values of f; and ¢ that are resulted from
melting, coalescence, and air diffusion.

The driving force of an SLS process is the laser source. The spatial distribution of the laser intensity I decays radially as
a near-Gaussian function [5]. For a CO, laser that is considered here, Defauchy [5] investigated the radial distribution of the
beam profile, and proposed a correction of the Gaussian distribution coefficient.

A= Agas (4)

Y (5)
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Fig. 2. DEM results versus experimental results of the laser power transmission [7].

To predict the laser beam attenuation through a granular medium, we have developed in our previous work [7] a modi-
fied Monte Carlo ray-tracing method, taking into account the absorbed and scattered part of heat flux, using the Mie theory
to accurately simulate the power attenuation within a polymer powder bed. A comparison to the experimental investigation
done by Peyre et al. [2] is presented in Fig. 2. We showed that the extinction of the laser power in depth direction decreases
exponentially following the Beer-Lambert law.

The volumic heat source generated by the laser beam, Q, is given by:

Q =(1—Re)IV-(e PHDf) (7)
2P 82 D

[=——e w2 wW=—
Tw? 1.5

where Re is surface reflectivity of the powder bed, § is the average attenuation coefficient, H is the bed thickness, k is the
unit vector in the z direction, P is the maximum incident power of the laser, r is the radial distance from the laser axis,
and D is the diameter of the laser.

The heat sink in Eq. (1) is related to melting. Voller et al. [13] proposed the following definition:

C(—gen
St=—(1—¢)sh o (8)

where ¢ indicates the influence of air which absorbs only sensible enthalpy [28] and §h is the total absorbed latent heat by
the polymer as given by Laouadi et al. [29]:

T T
Sh = ppiL + ppi /(Cp)pl df — pps /(Cp)ps do 9)
T T,

where L is the latent heat of fusion.
The volumic fractions of the solid and liquid phases satisfy:

fi+fs=1 (10)

Given the range of melting temperature AT = T| — Ts, fs changes from 1 for T < Ts to 0 at T = Ty, while f; varies from 0
at T =T, to 1 for T > T). A relationship between f; and T, fi(T), is necessary to complete the melting model (8). In the
present work, for the sake of simplicity of the numerical phase change treatment as explained by Voller et al. [13], a linear
function is introduced:

fl(T) = (T - Ts)/(Tl - Ts)

Above the softening temperature, the particles in contact tend to form interfaces and to decrease their total area by surface
forces [30]. Bellehumeur [30], in his work on the analysis of the contact growth between polymer particles, has shown that
the viscoelastic character of molten material plays a significant driving role for coalescence, and proposed a modification of
Frenkel’s model. The modified viscoelastic model, giving the time evolution of the coalescence radius, is used in the present
work:

nro k%

8(ATk 80)2+(2Atk + )39 1=0 (11)
ot L A T



1092 A. Mokrane et al. / C. R. Mecanique 346 (2018) 1087-1103

«— AL

Lo
Fig. 3. Schematic of sintering two spherical particles.

B sin® b — 275/3 cosf sind
~ (14 cos0)(2 — cosd) 27 (14 c0s0)33(2 — cos0)>/3

where A is the Maxwell model constant (equal to 1 for the upper convected model - UCM - that predicts well the vis-
coelastic behavior of polymers), 6 represents the growth angle between two particles, and t is the relaxation time of the
material. The sintered particles, as in Fig. 3, are assumed to be all spherical and have the same radius ro (a mean diameter
Dsg is considered), I and 7 represent the surface tension and the viscosity of the molten polymer. Under certain geomet-
ric assumptions, Scherer [31] has linked the neck growth evolution to the relative density, in terms of porosity evolution,
leading to:

ky

o) =1—— 1% (12)

[-(=2y7]

where ¢ is the initial porosity and ¢(t) is the porosity at time t.

With decreasing porosity in time, relative density in the fused region increases and pores can be fully closed. The

densification mechanism becomes different. The disappearance of the air bubbles formed inside the polymer will be mainly

controlled by the diffusion phenomenon. At this step, the time evolution of the porosity is determined by air diffusion and

can be predicted by Mackenzie & Schuttleworth’s model [31]:
do 3T

dt 2a077('0

(13)

This equation describes the final stage of densification with relative densities above 0.94. The Mackenzie-Shuttleworth
sintering model is based on a closed pore and describes the shrinkage of spherical bubbles in a viscous matrix. The rate of
sintering was obtained by the energy dissipated by the viscous flow of the material and the change in the surface area of
the pore (ag is the initial pore radius).

During the cooling step, the fused polymer crystallizes. The source term of crystallization S, is then activated in Eq. (1)
and can be modeled as follows:

Iolos
Sc:PpsWAHc (14)

where AH¢. is the crystallization enthalpy and « is the crystallinity rate.
Crystallization kinetics, time evolution of «, can be obtained by Nakamura’s model [23]:

n—1
oo 1 o
E:nK(T)(l—a) [ln(l_aﬂ (15)

where n, the Avrami index, depends on the growth geometry of crystallites and K(T), the anisothermal nucleation rate, is
given by Hoffman-Loritzen's theory:

-U —Ke(T+T
K(T) =In(2)"/".Ko- exp (W) -exp <%)

with Ky a constant, U activation energy (6270 J/mol), T¢ the glass transition temperature, To, = Tg — 30 K, T¢ the thermo-
dynamical fusion point, AT =Tg — T, K¢ a constant related to nucleation and R the constant of ideal gases.

All the material parameters are measured, using calorimetric and rheological techniques, as it is usual in our work [15,
16]; details and experimental protocols can be found in [15]. For the material studied in this work, the parameters are taken
from [23].

As crystallization concerns only the liquid state, the thermo-physical properties of the fused part evolve during the
cooling step, and can be calculated by the following mixing laws:

Ppc = Pps + (1 — ) pp (16)
(Cplpec = [apps(cp)ps +(1- a)ppl(cp)pl] / Ppc (17)
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Ape = 0tAps + (1 — ) Api (18)

To take into account the influence of crystallization on the thermo-physical properties of the polymer bed during the cooling
step, it is enough to replace ppi, (Cp)p1 and Ap in Egs. (2), (3), and (6), respectively, by ppc, (Cp)pc, and Apc. It is important
to note that, during the cooling step f; in Egs. (2), (3), and (6) should remain unchanged, and it represents the polymer
ratio taking part in crystallization.

4.3. Initial and boundary conditions

Prior to laser scanning, the temperature of the whole powder layer is stated at the initial temperature of the powder Tjp;
and an initial porosity ¢p. The energy equation is subjected to two boundary conditions: at the top surface of the powder
bed, the heat exchange by radiation and convection is given as follows:

oT

_)La_ = _htot(T — Text)
n

heot = h + €0 <T2 + Tgxt) (T + Text)

with Tey is the ambient temperature, h the natural convection coefficient, equal to 15 W-m~1-K~!, € the surface emissivity
assumed to be constant and equal to 0.8, o the Stefan-Boltzman constant.
For the lateral and bottom surfaces, no heat flux exchange is considered. An adiabatic condition is applied:
oT

—A—=0
an

n is the normal direction. All the parameter values are detailed further in section 5.2.1.
4.4. Numerical methods

The SLS process involves transient phenomena, and time schemes are necessary to be used in numerical simulations.
Accurate description needs appropriate time schemes. Equation (1) is discretized by a semi-implicit second-order Crank-
Nicolson scheme:

1 n

n+
(pcp)”“/zTT = V-[AVT)" + AVT)"™ /2 +(Q + S¢+ So)" /2 (19)

The heating power Q moves in space with a fixed scanning speed and Q"*1/2 can be calculated easily. The melting
model (8) is discretized in time according to the Crank-Nicolson scheme as follows:

n+1 _ n
Srfz+1/2 =(1- (pn+1/2)(8h)n+1/2 (f) ™ (f) (20)
In Eq. (14), the heat source corresponding to crystallization is also discretized in the same way:
aﬂ“rl —am
Sz+1/2 _ pgjl/ZTAHZH/Z (21)

The coalescence model (11), the air-diffusion model (13), and the Nakamura model (15) are discretized in time by a third-
order Runge-Kutta scheme.

Due to the fact that (pCp)™*1/2, A1, and (f)™*! (S?H/z) depend on T™!, which is the solution to be found, an
iterative process is chosen to solve the nonlinear discrete problem in time. We used an accurate updating strategy pro-
posed by Voller et al. [13], although the liquid fraction is considered as linear versus temperature in the range of melting
temperatures.

In space, a fixed Cartesian grid is employed for all the quantities and finite volume methods are used to discretize
Eq. (19): heat flux on the surfaces of a control volume are discretized by a second-order central-difference scheme. The
fully discretized 3D problem is solved using ADI (Alternating Direction Implicit) method: one-dimensional problems in
each spatial direction are solved in a successive manner by alternating the spatial directions. As the central-difference
scheme results in tri-diagonal matrices in one spatial direction, TDMA (Tri-Diagonal Matrix Algorithm) is used to solve the
one-dimensional problems obtained.

With melting of polymer powder, coalescence reduces and removes initial pores, inducing volume shrinkage of the
powder bed. Volume shrinkage can be taken into account using special numerical treatments such as two-phase methods
or moving mesh technique, which are expensive in computation cost and therefore not feasible for process simulation. In
this work, an alternative one-phase approach to achieve volume shrinkage, based on mass conservation, is proposed and
presented in Fig. 4. The new volume occupied by the powder bed is inversely proportional to the new density of the molten
material. At each time step, the bed volume is updated. An algorithm is used to identify the partly filled cells: shrinked
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active cells are displaced to form new active cells to which new physical properties are affected. Surface deformation of
the powder bed is followed at each instant and the empty cells will be deactivated as shown in Fig. 5. To avoid complex
treatment of non-orthogonal grids, the method that uses the same 3D cubic algorithm to handle curved boundaries proposed
in [32] is adopted for calculations. This method can also handle the deposition of a new polymer layer: a bigger grid box is
used, and more cells can be activated according to the new layer thickness.

5. Results and validation
5.1. Numerical validation tests

Considering that in our case melting occurs in a range of temperature, there is no analytical solution that can be taken
as a reference for comparison with numerical solutions. Hence, to quantify the numerical convergence, the solution error
is estimated between the solutions Sap(x,t) and S an (x, t) calculated at a specific time t with time step (or mesh size) Ah

n

and ATh, respectively, by a fixed mesh size (or time step). To quantify the spatial convergence rate, the following norms of
error are calculated on the entire domain as follows:

IL01(Sans San) = Y ISan(i D) = S (. )]

2
ILI2(San: S an) = \/Z (Sanxi, ) = S (i, )

[ILlloo(San, S an) =maxX [Sap(Xi, 1) — S an (Xi, D)

Then, the order of convergence in the ||L||; norm, P; is directly estimated by the Richardson extrapolation as follows:

L1 (SansSan )

Ll (SA_h,sA_zh)

5.1.1. Spatial convergence rate
Spatial discretization is based on a second-order central-difference scheme, and temperature is localized on the center of
a control volume. To avoid interpolation and keep the same grid points to estimate the solution error, one control volume

Pj=1In [Inn]~! , j=1, 2and 0o
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Table 1
Spatial convergence rate in the case of a simple heat equation.
Grid I1L] 11 Order [1L]]2 Order [IL]] oo Order
T
25 x 25 x 15 - - - - - -
75 x 75 x 45 1.5276 - 4.5212e-02 - 1.6582e-03 -
225 x 225 x 135 0.1766 1.96 5.0817e-03 1.99 1.7311e-04 1.99
Table 2
Spatial convergence rate for variables T and f; in the case of a coupled model.
Grid 11L] |1 Order I1L]]2 Order 11L]] 0o Order
T
25 x 25 x 15 - - - - - -
75 x 75 x 45 129.7984 - 4.7261 - 0.6560 -
225 x 225 x 135 18.2641 1.78 0.7977 1,61 0.1672 124
h
25 x 25 x 15 - - - - - -
75 x 75 x 45 11343 - 5.5252e-02 - 6.4958e-03 -
225 x 225 x 135 0.1365 1.93 6.3376e-03 1.97 7.2947e-04 1.99
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Fig. 6. Time convergence rate in the case of a simple heat equation.

is divided into nine in 3D cases (three in each direction): the coarsest grid is common to other finer grids. Two cases are
used to show the spatial convergence rate: a heat equation without any source term and a heat equation coupled with a
laser source and a melting model (coupled model). The convergence results obtained are summarized in Tables 1 and 2.

As can be seen, in the case of a heat equation without any source terms, the numerical results showed a second-order
accuracy, in agreement with theoretical consideration. In the case of the coupled model, the scheme order is sightly reduced
for temperature, but the scheme order for the liquid volume fraction remains equal to two. This may be caused by the
enthalpic model used because the grid is not suitable for handling the front of fusion, an interface problem. As the liquid
volume fraction is around zero near the front, its accuracy is not affected and remains of second order.

5.1.2. Time convergence rate

To show the time convergence rate, computations were performed on a fixed grid of 75 x 75 x 45 cells. Two types of
time schemes have been tested: the first-order Euler implicit scheme and the second-order Crank-Nicolson scheme.

In the cases of a simple heat equation and of its coupling with a laser source, Figs. 6 and 7 summarize the results
obtained. In both cases, the first-order Euler implicit scheme yielded results of first-order accuracy and the second-order
Crank-Nicolson scheme showed a second-order accuracy, which agrees with the theories.

When a heat equation is coupled with both laser source and fusion model, the results obtained in terms of convergence
rate for T and f; are shown in Figs. 8 and 9. The convergence rate for both T and f; is equal to 1 for both time schemes.
Again one observes that the introduction of the fusion model to heat equation, leading to an iterative strategy to deal with
latent heat of fusion, affects the second-order accuracy of the Crank-Nicolson scheme. As the difference in computation cost
is less than 10% and the semi-implicit scheme is more accurate, the latter is kept for the simulations.

The numerical tests performed to validate the numerical schemes showed that, in most of the cases, the accuracy of the
numerical results agrees with theories and that the numerical treatment of the fusion model is not completely satisfactory
because the theoretical accuracy of the numerical schemes is reduced from 2 to 1 in time and from 2 to less than 2 in
space.
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5.2. Experimental validation tests

Once the numerical validation tests of the proposed models have been done, validation tests using experimental results
need to be performed to confirm the complete multi-physics 3D modeling. To our knowledge, there is no benchmark
available yet to validate the SLS modeling. The work of Riedlbauer et al. [22], concerning a single laser path applied to
semi-crystalline polymer powder, seems relevant and is thus taken as the reference of validation. Comparisons concern the
temperature distribution and the dimensions of the melted zone.

5.2.1. Material properties and simulation conditions
3D numerical simulations of laser heating of a semi-crystalline polymer PA12 (PA2200) are performed. The simulated
volume as shown in Fig. 10 has the dimensions of 3 x 1 x 0.5mm?; it is fully discretized, with an optimal mesh of
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Fig. 10. Simulated specimen geometry.

Table 3
Simulation process parameters.

Case P [W] v [ms!]

1 33 0.5

2 33 1.0

3 5.6 1.0

4 7.8 1.0

5 7.8 1.5

6 7.8 2.0

Table 4
Powder bed and material properties with process parameters taken from [22][33], [23], and [5].

Parameter Value Parameter Value
Pps 1070 [kg-m~3] Agas 0.033 [W-m~1.K"1]
Ppi 1022 [keg-m~3] CPgas 1049 ke '-K1]
Cpp, 2650 [-kg"-K~1] %o 56 [%]
Cpp, 2650 kg 1K1 Dso 60 [um]
Ts 454 K] Tini 445 K]
T 461 (K] Text 445 K]
L 115 [k-kg~ 1] Dy 400 [um]
ps 0.28 W-m~ 'K | B 9000 [m™]
Ap, 0.24 [W-m~1.K~'] | Re 0.04 [%]

Fig. 11. Infrared camera image of single line laser scanning for case 2 [22].

150 x 50 x 50 regular cells. Due to the transient nature of the process and the very fast melting kinetics involved by the
moving laser source, a time step equal to 5#° was used for all the simulations in order to ensure better convergence and to
avoid numerical oscillations.

The initial process conditions needed for calculations were taken from Riedlbauer et al. [22], where laser parameters
(scanning velocity v and a laser power P) for each simulation case are considered. Their values are listed in Table 3.

The powder bed and the thermophysical properties of the material with the process conditions are summarized in
Table 4. Therefore, due to the lack of available experimental data, some of the thermophysical properties are assumed to be
constant with temperature, and part of them are taken from another type of PA12 and considered as the same for PA2200.

5.2.2. Temperature distribution

The only experimental result available for temperature measurement is the temperature field shown in Fig. 11, which is
an infrared camera image of the powder bed’s top surface, with laser parameters of case 2. As mentioned by the authors
[22], no comparison can be done on the spatial temperature distribution, but only on one focused point.

The simulated temperature distribution at the top surface is presented in Fig. 12, for one laser scan. Due to the low
conductivity of the loose powder, the latter does not play any important role in expanding the heated domain, either in
width or in depth. The heat-affected zone is delimited by the amount energy of the laser spot and the radiative properties
of the powder. The temperature distribution along the laser diameter is controlled by the Gaussian distribution of the laser
spot energy, and in depth by the extinction coefficient introduced in the Beer-Lambert law.
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Fig. 12. Temperature distribution at the top surface.
Table 5
Calculated versus experimental melted depth and width.
Case Fusion depth dg [um] Fusion width dy [um]
fi > 0.99 fi >05 Exp fi > 0.99 fi >05 Exp
1 210 250 138F13 320 360 -
2 130 170 10930 200 240 250F 10
3 190 230 138F13 280 320 349F36
4 230 270 314F20 360 400 -
5 180 220 250F 12 280 320 -
6 150 190 200F 14 240 280 -

The maximum temperature measured for this case is 265 °C, and the calculated one is 269.5°C. The relative error be-
tween these values is 4.7% in the range of the heating interval, considering the initial temperature Tj,j =172 °C.

Moreover, the accuracy of the measurements by the infrared camera depends on the emissivity of the powder bed, and
this becomes more pronounced at high temperature. Nevertheless, the simulated temperature results given by the tool we
have developed are in good agreement with the measured ones.

5.2.3. Dimensions of the melted zone

The second experimental validation concerns the length and the depth of the melted zone obtained with one laser
scan, for different laser parameters (power and scanning speed), taken from the work of Riedlbauer et al. [22], in which
experimental data are provided, for the same polymer. In Table 5, we summarized different comparison cases between our
simulations and measurements from Riedlbauer et al. [22] with the corresponding histograms in Figs. 14 and 13. A good
agreement is clearly obtained, but it depends on how the limits of the melted zone are considered. In Table 5, two limits are
presented, by referring to the value of the liquid fraction ( f), introduced here as a criterion to discriminate the situations.
The question is which criterion about the liquid fraction is to be considered to represent the real melted powder particles?
Is the melted zone delimited when f; =1 (completely melted) or less?

In fact, depending on this criterion, the mean relative errors between the simulations and the measurements are in the
range of 20% to 25%, for all the six considered cases listed in Table 3.

Franco et al. [24] proposed an experimental analysis of the geometry of the melted zone, for a polyamide powder PA12
as a function of energy density. The measured width and depth of the molten region increase with the energy density and
kept localized in the irradiated area by the laser, equivalent to the laser spot’s diameter. Qualitatively, the model predictions
and the measurements are in real agreement: the calculated widths and depths increase with the energy density, as in the
measured cases. The tendencies are also the same in the work of Riedlbauer et al. [22], but the materials are different, and
no quantitative comparison is made.

For measured width of the melted zone, we have listed only those for cases 2 and 3 in the referred work. In the other
test cases, the authors consider widths larger than the beam spot diameter, except for those cited. In our calculations for
these test cases, the computational results are close to the measurements, and never exceed the laser’s diameter for all the
simulated cases.

The calculated widths and depths when we consider the f; > 0,5 criterion are closer to the measurements in the cases
with high laser energy (case 4 and case 5 in Table 3). As the liquid fraction is modeled with a linear function of temper-
ature, and as in the SLS process the temperature is maintained above the melting temperature for a long time, its value
increases and expands the molten region. This can explain the quantitative discrepancies observed in this model-experiment
comparison.

Furthermore, in the numerical simulation, the laser source has been taken as a continuous energy deposit. In reality,
the CO, laser works in a pulsed regime. Laser frequency in pulsed regime can give rise to a temperature profile which is
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Fig. 14. Experimental and simulated molten width results.

different from that in a continuous regime, which has already been highlighted by Peyre et al. [2]. Hence, the choice of
laser regime affects also the dimensions of the molten region along the laser path. This could explain partly the discrepancy
observed in the comparison.

Conversely, due to the high viscosity and low thermal diffusivity of polymers compared to melted metals, the effect of
the volume shrinkage in delimiting the melted zone is not significant. The sintering phenomenon, which is related to the
viscosity, takes more time, and the thermal diffusion is lesser compared to radiation, which helps not to extend the melted
region.

Note that the real powders are composed of particles with dispersed distribution of size. The diameter of the powder
particles ranges between 5 and 100 um; this affects dramatically the measurement of the melted region as the particles
stick on their surface, even when not completely melted in the volume, and hence it can change significantly the results.

5.3. Calculations for five layers

As the SLS process consists in joining layer upon layer, it is interesting to test the developed tool capabilities with the
proposed approach in case of simulating the whole SLS process for five powder layers.

For these tests, the geometry is kept the same as in Fig. 10, and the thickness of each layer is 200 um, with the same
energy density as in case 2 (v=1.0 m-s~!, P =3.3 W), but with a laser power equal to 45 W and a scanning velocity of
15 m-s~!. The hatching space between scans is set to 150 um, which imposes five laser scans by layer.

The analysis will concern quantitatively the involved phenomena, as temperature rising, melting, coalescence, and den-
sification of the material during sintering, the thermal influence of adding new layer upon previously sintered one, and so
on. In fact, the thermal history of any point of the part during the process is a key information to predict the final structure
and behavior of the part. The temperature distribution at the end of the process allows one to choose the adequate cooling
rates and heat treatments for an accurate control of the crystallization kinetics, and hence, the final mechanical behavior. In
Fig. 15 is shown the temperature distribution at the top surface during scanning the first layer. During the simulation of the
process, once a layer is sintered, for adding a new one, first we proceed with extending the computation domain: the new
layer is inactivated numerically by extending the meshed domain progressively, respecting the velocity of the real powder
spreading process, equal to 0.2 m-s—!. The mesh cells are activated and followed by moving boundary conditions, which
allows us to capture the heat exchange at the interface between the previously sintered layer and the new powder layer,
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Fig. 16. Temperature in the ZX section while adding the second layer.

as illustrated in Fig. 16, representing the temperature distribution in the ZX section during the powder deposition of the
second layer. Before the second laser scan, the powder spreading is performed along the x-axis, and we can see the impact
of the powder temperature on the sintered material, where its temperature is cooled down approximatively with 50 K com-
pared to where the powder is not yet deposited (see Fig. 16). In this time, depending on the type of polymer, the processing
(or temperature) window is less or more important. The sintered material should be maintained at a temperature between
the melting and crystallization values. At high preheating powder temperature, the grains of polymer may stick together
and cause processing problems for layer deposition. If the powder is not enough preheated, it can induce the crystallization
of the sintered material, causing adhesion problems between the layers. With this capability to highlight this helpful process
information, optimization can be done about the preheating temperature and the spreading velocity in order to enhance
adhesion at the interfaces between the layers and to propose a protocol for easier processibility of the different polymers.
Fig. 17 presents the temperature distribution for five successive sintered layers. Clearly, the material experiences many tem-
perature gradients in both depth and width directions. Many information could be extracted from such simulations. For
example, we can observe that the chosen layer thickness (200 um) is over estimated. A large part of the layer thickness
is not heated directly by the laser source. But only the top layer absorbs the power supplied by the laser. The energy is
attenuated in the depth, and a part of the last layer is not melted directly by laser interaction, but by thermal diffusion
(conduction) from the top newly melted zone and from the lower other already sintered layer. This leads to local thermal
kinetics and gradients that differ in the material and hence affect its structure. Nevertheless, an optimal thickness of the
layer will help to avoid this kind of problem of belonging regions with poor sintering. The complete thermal history at the
interface between the first and second layers is plotted in Fig. 18, representing the temperature evolution during sintering
of the five layers. Several steps can be distinguished in the thermal history of the considered point. Firstly, the polymer is
melted suddenly when the laser irradiates the material. This step is very fast and depends on the laser parameters (power,
scanning velocity, and spot diameter). During the laser traveling on the remaining surface of the part, the considered point
cools down due to the top convection and radiation with the ambient temperature. A decrease of the temperature is then
observed. After laser scanning of the whole surface, a new layer of powder is supplied. Because of its lower temperature,
the interface between these layers is affected, and the temperature decreases by a pure thermal diffusion phenomenon. The
thickness and the speed of spreading of the new layer will control the intensity of this thermal exchange. When a new
laser scan acts on the top of the added layer, a part of the energy affects the previously sintered layer, and its temperature
increases again. The process is repeated until the whole part in sintered. The intensity of this thermal cycling alleviates as
the number of supplied layers grows.

After melting, the coalescence and densification phenomena will take place. Of course, with maintaining the melted
material at high temperature, viscosity becomes lower and sintering occurs too quickly, yielding less porosity. Fig. 19 shows
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Fig. 19. Porosity distribution and densification in the ZY section at t =2.6 s.

the porosity distribution and densification. As explained previously, densification causes a volume shrinkage, which depends
on the viscosity and the air exhaust kinetics: faster is the sintering kinetics, larger is the shrinkage volume.

Naturally, the central zone of the part is more affected than the borders, which generates more volume shrinkage. At the
edges, where the temperature is under the melting value, no sintering occurs. To respect the parts’ dimensions, a reduced
volume needs to be supplied by the new powder, and tends to make thicker the next layer to be sintered; in consequence,
this can lead to worse adhesion between layers. The densification phenomenon due to coalescence and air diffusion induces
the reduction of the powder bed’s porosity, and hence the thickness of the initial sintered layer, which is directly related to
the final dimension of the part.

In terms of SLS process qualification, the mechanical behavior of the final part depends strongly on the remaining
porosity at the end of the process. Its prediction with a coupled multiphysics simulation is an effective way for investigating
the characteristics of the final part, the geometry and the dimension tolerance versus the process parameters.

For a longer time, once the maximum temperature in the domain is below the melting value, an ambient temperature
condition of 298 K is applied to the upper surface for cooling. At this time, below the crystallization temperature, the
sintered polymer crystallizes and continue to shrink, its kinetics is described in Eq. (15). In Fig. 20, the crystallization rate
in the zx section is presented many times after sintering the whole part considered in this study. We can clearly observe an
important gradient of crystallization rate in both z- and x-axes. In the simulation, the laser paths are a succession of round
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Fig. 20. Crystallization rate in the ZX section after 126 s.

trip scans, and the layers are deposited in one direction along the x-axis. So this causes a significant temperature gradient
that influences the kinetics of crystallization with an important gradient along the x-axis. The same phenomenon is observed
on the y-axis, caused by the scan path strategy. The resulting crystallization gradient is in the diagonal direction of the part,
which can induce important residual stresses and warpage in the final part. This analysis highlighted the importance of the
several physical coupling involved in the SLS process.

6. Concluding remarks

The present work focused on the global view of simulating an SLS process of polymer powder: various aspects related
to modeling, simulation, and validation are discussed in detail.

To be able to study the process, a powder bed is considered as an homogeneous medium for which the governing
equations and the multiphysical models of thermo-physical properties, laser power distribution, fusion, coalescence, gas
diffusion, and crystallization are formulated.

The governing equations are discretized in time using a second-order semi-implicit Crank-Nicolson scheme and in space
using finite-volume methods with second-order scheme. Other time-dependent models are discretized in time using third-
order Runge-Kutta methods. Finite-volume methods are chosen because the volume shrinkage due to densification and
deposition of a new layer can be considered with ease.

The numerical tool developed was first validated at the numerical level. As the schemes used have their own order of
accuracy, the numerical results obtained should show the corresponding order: tests performed for heat equation with laser
heating power showed a complete agreement with theories; the results obtained are of second-order both in time and in
space; the tests realized with fusion model were less satisfying because the numerical results showed first-order in time
and an order higher than one, but less than two in space.

The developed tool was then tested against the experimental study of Riedlbauer et al. [22], which concerned PA12.
Depth and width of the melted zone and temperature distribution on the bed surface were used to do the comparison:
the results agreed well with the experimental measurements. Furthermore, volume shrinkage due to coalescence and air
diffusion and deposition of a new layer were considered, and some results were also presented to show the relevance of
the developed tool to analyze the SLS process.

Both validation tests confirmed the quality and pertinence of the proposed modeling, but they also revealed needs for
future works: in terms of computation time, it will be necessary to develop simplified models (model reduction) in order
to extend this approach for modeling the real industrial part.

An experimental benchmark will be crucial to validate the theoretical models used in simulation because proving their
ability to predict the material transformations and thermal histories will constitute an important step in the direction of
process understanding and optimization.
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