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Abstract

This study investigates heat transfer mechanisms in Selective Laser Sintering through a multiscale modeling ap-
proach. At the micro-scale, the model simulates heat transfer within a single layer and scan line, capturing laser-
powder interactions, phase transformations, and temperature-dependent material properties. At the part scale, two
approaches are explored: one with a continuously operating laser and another where the laser heat is applied in
discrete bursts, simulating a non-continuous process. Micro-scale results demonstrate rapid thermal responses
over millisecond timescales, while the part-scale model reveals slower heating rates to achieve comparable tem-
peratures. The part-scale model with the non-continuous approach also highlights the effects of energy migration
across multiple layers. Parameter studies emphasize the sensitivity of thermal profiles to laser operation parameters
and layer configurations in the model, with the non-continuous approach producing higher localized temperatures
at low laser activation times. Overall, the models provide a numerical framework to optimize SLS processes and
deepen the understanding of thermal dynamics during sintering.
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1. Introduction

In Additive Manufacturing (AM), components are produced by successively adding material layer by layer, en-
abling the rapid fabrication of parts designed using computer-aided design (CAD) software. For many years,
production companies have utilized this technique for rapid prototyping (RP), allowing them to test new products
without requiring a full production line. This approach significantly reduces both time and cost in the iterative
design process of developing new products. As AM technologies have advanced, some branches, such as Selective
Laser Sintering (SLS), have evolved beyond prototyping to support small-scale production of end-use parts [1].

SLS, a Powder Bed Fusion (PBF) technique, offers several advantages over conventional manufacturing processes,
including the ability to produce intricate geometries, minimize material waste, and provide cost-effective solutions
for low-volume production [1]. The SLS process uses a laser to fuse polymer powder particles within a powder
bed, which is incrementally lowered as each layer is completed and fresh powder is deposited. This approach
enables the fabrication of three-dimensional (3D) objects directly from CAD designs. Despite these advantages,
the use of SLS for end-use parts remains relatively new compared to traditional methods such as injection molding,
which benefits from an extensive body of knowledge for addressing production defects. Further empirical research
is required to better understand and mitigate defects in SLS, ensuring the production of consistently high-quality
parts.

Due to the complexity of the SLS process, relying solely on experimental observations is often insufficient. De-
veloping numerical models on multiple scales becomes essential for gaining deeper insight into the process [2].
Micro-scale models are critical for understanding fundamental sintering mechanisms, such as the interaction be-
tween the laser beam and powder material, as well as the phase change happening in the material. However,
micro-scale models are insufficient for predicting overall heat transfer in a whole part, which is crucial for the
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quality of the printed part. For this, part-scale models can help in understanding key considerations such as part
placement, which greatly affects the heat transfer in and around the printed part. Together, these models enable
the development of an optimized SLS process.

1.1. Approach

This report presents a framework for modeling heat transfer in SLS, addressing both the micro-scale and part scale.
At the micro-scale, a continuum approach is employed to simulate a single layer and scan line, providing insights
into the fundamental heat transfer mechanisms in SLS. At the part scale, the focus is on capturing the thermal
behavior of multiple layers and their effect throughout the printing process. By developing numerical frameworks
at these two distinct scales, this report aims to provide insights that will contribute to optimizing the SLS process.

2. Micro-Scale Modeling

This chapter focuses on the theoretical framework and approach for simulating the heat transfer mechanisms at the
micro-scale.

2.1. Theory

In this section, theory required to successfully model the SLS process will be presented. The section will describe
the underlying physics and equations necessary to accurately predict temperature and density distributions in
sintered semi-crystalline polymer powders.

To model heat transfer during the SLS process at the micro-scale, it is essential to consider the following factors
[3, 4]:

1. Heat transfer mechanisms within the powder and solid material,
2. Phase transformation from powder to solid during the sintering process,
3. Interactions between the laser beam and the powder bed.

2.1.1. Heat transfer equation
The heat transfer mechanisms during the SLS process can be described by the heat conduction equation [3, 5]:
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which can be written in compact form as:

ρC⋆
p

∂T

∂t
+∇ · (−k∇T ) = q̇V (1)

In (1), ρ is the material density [kg/m3], C⋆
p is the specific heat capacity of the material [J/kgK], k is the thermal

conductivity [W/mK], and q̇V represents the volumetric thermal input from the laser [W/m3].

During the SLS process, the top of the powder bed is heated to the processing temperature, T0, before exposure to
the laser [4].

Therefore, it is assumed that prior to sintering, the temperature is uniform throughout the top powder bed layer.
The initial condition is defined as:

T (x, y, z, 0) = T0 (2)
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Figure 1: Illustration of Domain (Adapted from [6])

Since the model is at the micro-scale, the simulated domain represents only a small section of the powder bed (see
Figure 1), which measures 5mm× 4mm× 1mm.

Heat losses to the environment are assumed to occur only through the top surface of the domain. Hence, the first
boundary condition on the powder bed surface, (1) in Figure 1, includes both radiation and convection effects:

q̇top = −n⃗top · (k∇T ) = −h (T − T∞)− σBε
(
T 4 − T 4

∞
)

(3)

In (3), n⃗top is the normal vector to the top surface, h is the natural convection coefficient [W/m2K], T∞ is the
ambient temperature [K], σB is the Stefan–Boltzmann constant [W/m2K4], and ε is the surface emissivity.

For the remaining boundaries, (2) in Figure 1, the heat from the laser is assumed to have no effect, as the laser is
far from them. As a result, the temperature on both sides of these boundaries is considered equal. Therefore, an
insulation boundary condition is applied:

q̇rem = −n⃗rem · (k∇T ) = 0 (4)

In (4), n⃗rem represents the normal direction at the remaining boundaries.

2.1.2. Phase Transformation
This subsection focuses on modeling the properties associated with the phase change, a highly nonlinear thermal
process involving the melting and solidification of the material.

Specific Heat Capacity Due to the highly nonlinear nature of the phase transformation, data from Differential
Scanning Calorimetry (DSC) at a prescribed heating rate of 10K/min was utilized from [7]. The data is presented
in Figure 2.

From the data, the temperature dependent specific heat capacity can be obtained using the relation between heat
flux and specific heat [8]:

Q̇(T ) = m · csp(T ) · Ṫ (5)
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Figure 2: Q̇-T curve for PA12 from DSC experiment. Taken from [7]

For which a piecewise function fit through the data was performed. The function fit from [7] can be seen in
Figure 3.
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(a) Function fit for heating data of specific heat from DSC
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(b) Function fit for cooling data of specific heat from DSC

Figure 3: Piecewise fit of DSC data for specific heat. Taken from [7]

From [7], the following function is obtained for the heating data:

C⋆
p,H(T ) =


4.5 · 10−7 · T 3 − 8.4 · 10−5 · T 2 + 0.02 · T + 1.8, T < 177.2 ◦C

3.6 + 70√
π·( 42

4 )
· exp

(
− 4·(T−186)2

( 42
4 )

2

)
, 177.2 ◦C ≤ T < 197.7 ◦C

−6.26 · 10−6 · T 2 + 0.0088 · T + 2.19, T ≥ 197.7 ◦C

(6)
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For the cooling data, the following expression is obtained from [7]:

C⋆
p,C(T ) =


−6.7 · 10−6 · T 3 + 0.0036 · T 2 − 0.64 · T + 40.7, T < 149 ◦C

2.4 + 29.54√
π·3 · exp

(
− (T−154)2

32

)
, 149 ◦C ≤ T < 160 ◦C

−1.1 · 10−7 · T 3 + 3.4 · 10−5 · T 2 + 0.002 · T + 2.3, T ≥ 160 ◦C

(7)

To switch between the heating and cooling case, a switch variable, HorC, is introduced, where HorC = 1 if the
material is being heated, and HorC = 0 if the material is being cooled. How the switch variable is defined will be
further elaborated in subsubsection 2.2.2

C⋆
p (T ) = HorC · C⋆

p,H(T ) + (1− HorC) · C⋆
p,C(T ) (8)

Thus, by utilizing data from DSC, a function describing the nonlinear behavior of the phase transformation for
the temperature-dependent specific heat is obtained. However, it is also necessary to model the density, as it
changes in nonlinear ways during the phase transformation. Density Change To describe the densification, it is
essential to understand the underlying sintering mechanism. In this model, viscous sintering is assumed, where a
noncrystalline material reduces its surface free energy by minimizing its surface area, leading to the merging of
particles [9]. For noncrystalline materials, the densification process can be modeled based on the viscosity of the
material. This is represented by the following differential equation [10]:

dρ
dt

= (ρsolid − ρ) η0 exp

(
− Ea

RT

)
(9)

In (9), the term η0 exp
(
− Ea

RT

)
describes the rate at which the viscosity of the powder decreases with increasing

temperature, T , thus enhancing the viscous sintering process. Here, η0 is a pre-exponential factor [1/s], Ea is the
activation energy [J/mol], and R is the universal gas constant [J/molK]. The term (ρsolid − ρ) represents how
particles have less room to move as they merge, which in turn slows down the densification. In this context, ρsolid

is the density of the solid material, and ρ is the local density of the material.

It should be noted, however, that (9) is only valid for non-crystalline polymers. Since the polymer described in this
model is semi-crystalline, a correction term is needed to account for the retardation caused by crystallinity [11].
This leads to the modified equation:

dρ
dt

= (ρsolid − ρ) η0 exp

(
− Ea

RT
− βχ

)
(10)

In (10), β is an empirically determined crystalline coefficient, and χ denotes the crystallinity fraction, where χ = 1

represents the initial crystallinity of the powder, and χ = 0 indicates a non-crystalline state.

The crystalline fraction is described using eq.(6), and based on the assumption that PA12 is non-crystalline at its
melting point Tm and exhibits its full initial crystalline at the print bed temperature T0. During the heating process,
the crystalline fraction, χ(Tmax), decreases from 1 to 0 as the temperature approaches Tm, after which it remains
constant at 0:

χ(Tmax) =


C⋆

p (Tmax)−C⋆
p (Tm)

C⋆
p (T0)−C⋆

p (Tm) , if T0 ≤ Tmax ≤ Tm

0, if Tmax > Tm

(11)

Once the laser heating ceases, the print bed temperature remains above the recrystallization point, preventing the
crystalline fraction from reaching the recrystallization temperature, as shown in Figure 3. Thus, the material does
not recrystallize and retains the crystallinity fraction it achieved during heating. Therefore, the crystalline fraction
depends on the maximum temperature each particle experiences during sintering. The definition of the maximum
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temperature will be elaborated in subsubsection 2.2.2.

Thermal Conductivity During the phase transformation, the powder material is bonded into a solid structure, effec-
tively eliminating the air-filled voids between particles. This results in a significant change in thermal conductivity.
The thermal conductivity of the powder can be expressed as a function of its porosity, ϕ, as described in [12]:

kpowder = ksolid(1− ϕ) (12)

where ksolid is the thermal conductivity of the material at full density, ρsolid. In this equation, it is assumed that the
contribution of air to the thermal conductivity, kair, is negligible, as still air between the powder particles acts as
an excellent insulator.

According to [3], the porosity ϕ, can be described as the fraction between the current density, ρ and the material
at full density ρsolid:

ϕ(ρ) =
ρsolid − ρ

ρsolid
(13)

The porosity varies from the initial value, ϕinitial, of the powder bed to ϕmin = 0 when the material is fully densified.

2.1.3. Laser Beam Model
SLS printers utilize a high-powered CO2 laser beam as a thermal energy source to fuse powder particles together.
According to [3, 12], the intensity of the laser beam, [W/m2], follows a Gaussian distribution across the radius of
the beam:

q̇s(x, y) = K · n · Plaser

πR2
laser

· exp

(
−n

(x− xc)
2
+ (y − yc)

2

R2
laser

)
(14)

where K is an absorption coefficient, describing the material’s heat absorption; n is a Gaussian shape factor, which
controls the concentration of laser rays, with a higher n indicating a more concentrated distribution of rays at the
beam center. Rlaser represents the radius of the laser beam, and Plaser is the laser power. The coordinates xc and yc
define the position of the laser beam’s center.

To simulate the laser beam’s movement along a straight line, the y-coordinate of the laser center is set to a constant
value, yc = y0, while the x-coordinate follows:

xc = Vx · t+ x0 (15)

Here, Vx is the laser scanning speed, and x0 is the initial x-position of the laser.

In addition to modeling the laser’s distribution across the surface, as described in eq. (14), it is also necessary to
account for the transmission of the laser through the powder. According to [12] the laser absorption and diffusion
in the powder follows Beer-Lambert’s law:

∂

∂z
q̇V (x, y, z) = −q̇V (x, y, z)γ

−1 (16)

Here, γ is the attenuation length, which is defined in [13] as; the depth into the material along the direction of the
radiation at which the intensity of the radiation falls to 1

e of its value at the surface. In this context, e represents
Euler’s number, indicating that approximately 63% of the laser light photons are absorbed within this depth.

Solving eq. (16) as an initial value problem with the initial condition q̇V (x, y, 0) = q̇s(x, y) from eq. (14), the
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solution for the heat source in 3D is given by:

q̇V (x, y, z) = q̇s(x, y)γ
−1 exp

(
−zγ−1

)
(17)

With the interaction between the laser beam and the powder bed described, the necessary theoretical framework
for modeling heat transfer during the SLS process at the micro-scale has been established. The next step is to
implement this theory and model into finite element (FE) software for simulation.

2.2. Method

This section outlines the methods employed to effectively implement the theoretical framework into the FE soft-
ware COMSOL Multiphysics. The process involves translating the established theoretical model into a computa-
tional environment, ensuring accurate representation of the underlying physics and enabling efficient simulation
of the SLS process.

2.2.1. Boundary Condition Implementation
Accurate implementation of boundary conditions is crucial to ensuring that a simulation reflects the physical
constraints of the system being modeled.

As illustrated in Figure 1, the boundaries, labeled (2), are assumed to be far enough from the laser such that no
significant temperature gradient exists across these regions. To enforce this assumption in the simulation, the
center of the laser beam in the x-direction is constrained to maintain a minimum distance of x0,min = Lx

4 from
the boundary, where Lx represents the length of the computational domain in the x-direction. This condition
is implemented numerically using an on/off switch, xswitch, which is multiplied to eq. (17), and defined by the
following Boolean logic.

xswitch =

{
1 if xc <

Lx

4

0 otherwise
(18)

Thus, when xc approaches the boundary, xswitch becomes zero, deactivating the Gaussian heat source term. In the
y-direction, the laser center is positioned at the center of the domain.

To enhance computational efficiency, the symmetry around the center of the Gaussian heat distribution is exploited.
The simulated domain is halved along the x-direction, at the location of the laser beam’s center in the y-direction.
This allows the application of a symmetric boundary conditions, significantly reducing the computational cost of
the simulation.

2.2.2. State Variables and Phase Transitions
This section describes the methodology for tracking the phase transition using state variables in COMSOL Mul-
tiphysics. Monitoring the phase transition requires maintaining a record of the maximum temperature at specific
points in the spatial domain.

To achieve this, a state variable TMax is defined. The state variable uses Gauss points within each element, to store
the temperature data. To store the peak temperature recorded at Gauss points during the simulation. Initially, TMax

is set to the initial temperature at each point within the domain. The variable is subsequently updated at each time
step for all points according to the following criteria:

TMax =

{
T if T > TMax,

TMax otherwise.
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This expression compares the current temperature T with the value stored in TMax. If the current temperature
exceeds TMax, the latter is updated to reflect the new temperature. Otherwise, TMax remains unchanged. This
approach ensures that TMax at each Gauss point always holds the highest temperature encountered during the
simulation. Note: The values at these Gauss points are extrapolated and interpolated over the entire element,
which may result in slight differences compared to the temperature field stored at the nodal points [14].

Using the maximum temperature, a state variable, HorC, is introduced to determine whether a point should follow
the heating or cooling curve of the specific heat capacity function, described in eq. (7) and (6). Initially, HorC is
set to 1, indicating that the heating curve (eq. (6)) should be followed (see eq. (8)). The variable updates according
to the following logic:

HorC =


1, if T > TMax,

0, if T < TMax and T > Tms,

1, if T < Tsf,

HorC, otherwise.

(19)

The expression checks whether the current temperature T is below the maximum temperature TMax. If this condi-
tion is satisfied, and T exceeds the temperature at which melting starts Tms, the point follows the cooling curve (Eq.
(7)), to prevent the release of latent heat before reaching the crystallization temperature Ts. Once the temperature
drops below the crystallization endpoint Tsf, all latent heat has been released, and the point transitions to following
the heating curve (Eq. (6)). Should the temperature rise above the maximum temperature TMax, the point will
follow the heating curve, thereby absorbing more latent heat.

Note: Ideally, TMax should be reset once the temperature drops below the crystallization endpoint. However, in
this specific simulation, the powder is not expected to be reheated beyond Tsf, making this reset unnecessary and
therefore not implemented.

2.2.3. Mesh Generation and Optimization
This section describes the process of generating an optimized mesh to ensure precise and efficient numerical
results. Given the rectangular nature of the domain, hexahedral elements are utilized as they are well-suited for
meshing rectangular geometries.

Figure 4: Illustration of the mesh

To minimize computational time, the mesh is coarser
in areas distant from the heat source and becomes in-
creasingly refined in the scanned region. This region is
square in both the width and depth directions of the heat
source. The heat source is discretized into 128 elements
(16×16) in the plane, with 8 elements in the depth direc-
tion of the scanned region to accurately capture thermal
gradients. Figure 4 shows a diagonal line that divides
the boundary into two symmetrical sections, mapped us-
ing a predefined distribution with a linear growth rate
(number of elements: 7, element ratio: 5). This strategy allows for gradual refinement of the mesh towards the
scanned region. The remainder of the domain is swept with hexahedral elements, maintaining a maximum element
size of 0.05mm to ensure sufficient resolution throughout the geometry.
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2.2.4. Solver Configuration and Convergence
In this simulation, the laser heat source is represented as a Gaussian wave traveling across the discretized grid of
the domain. According to [15], to compute the amplitude of the wave at discrete time steps, the distance traveled
by the wave during a time step must be less than the distance to adjacent grid points. This ensures that information
from a given mesh element propagates only to its immediate neighbors.

Since the laser moves in a single direction, the one-dimensional form of the Courant-Friedrichs-Lewy (CFL)
condition can be applied, expressed as [15]:

C = Vx · ∆t

∆x
(20)

where ∆t denotes the time step [s], Vx is the velocity of the laser [m/s], and ∆x represents the spacing between
adjacent grid points [m]. For explicit time solvers, the Courant number C must typically remain at or below,
Cmax = 1 [15].

If the ratio of mesh size, velocity, and time step exceeds this limit (C > 1), numerical instability may arise. To
satisfy the CFL condition given in (20), the maximum allowed time step when the laser is in motion is constrained
by:

∆t =
Lx

Vx ·Nele
(21)

where Lx is the length of the meshed domain in the scanning direction [m], and Nele represents the number of
mesh elements in this direction. It is worth noting that the CFL condition is only critical during the laser’s move-
ment. During the subsequent cooling phase, the time step can be significantly increased to optimize computational
efficiency:

∆t =
tend

50
(22)

In this expression, tend denotes the total duration of the simulation.

2.2.5. Parameters
The method described in the previous subsections was used to simulate the printing process in a Sinterit Lisa X
SLS 3D printer. The simulated printing material is industrial PA-12, as it is one of the most commonly used mate-
rials for SLS 3D printing [4]. All the parameters used are listed in Table 1 below.
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Property Value Unit (Symbol) Source

Absorption coefficient, K 0.4 [−] [12]
Activation energy, EA 102 [kJ/mol] [7]
Ambient temperature T∞ 140 [

◦
C] Sinterit Studio

Avg. Laser Power, Plaser 7.85 [W] Sinterit Studio
Avg. Laser Scanning Speed, Vx 1.1 [m/s] Sinterit Studio
Bulk density, ρbulk 505 [kg/m3] [16]
Convection coefficient, h 15 [W/(m

2·K)] [12]
Crystalline coefficient, β 10 [−] [7]
Density of solid material, ρsolid 1030 [kg/m3] [16]
Domain length, Lx 5 [mm] [−]
Domain thickness, Lz 1 [mm] [−]
Domain width, Ly 4 [mm] [−]
Attenuation length, γ 1.11 · 104 [m] [12]
Initial temperature, T0 175 [

◦
C] [7]

Laser Radius, Rlaser 0.325 [mm] [17]
Melting point, Tm 186.2 [

◦
C] Figure 3

Rate of structural change, η0 5 · 1013 [s
−1

] [7]
Surface emissivity, ϵ 0.8 [−] [12]
Thermal conductivity of solid, ksolid 0.23 [W/(m ·K] [16]

Table 1: Summary of parameters used in micro scale simulation.

3. Part Scale Modeling

This chapter focuses on the theoretical framework and approach for simulating the heat transfer mechanisms at the
part scale.

3.1. Theory

To model the SLS process at the part scale, it is essential to consider the following factors:

1. Addition of new layers in a continually meaner.
2. Heat transfer mechanisms within the powder and solid material.
3. Interactions between the laser beam and the powder bed.
4. Phase transformation from powder to solid during the sintering process.
5. The duty cycle of the laser.

3.1.1. Addition of Layers
In the SLS process, new layers of powder are deposited over previously sintered ones and selectively fused by
a laser, resulting in the part growing incrementally over time [4]. In numerical simulations, this layer-by-layer
nature is often modeled using flash heating (FH) methods, where elements are progressively activated to represent
the addition of new layers [2].

While effective, defining the elements for each layer in the FH method can be a complex process. To address this
challenge, a continuous modeling approach is proposed. Instead of individually activating and heating each layer,
the entire geometry, including all layers, is modeled as a single entity. Inactive layers are represented by modifying
their thermal conductivity, k, to an extremely low value, effectively simulating their absence and preventing heat
transfer between active and inactive layers.
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This behavior is governed by a step function, as illustrated in Figure 5, which moves upward with the heat source.
The step function is mathematically described as:

step(z) = 1−

1

2
·

1 + tanh

z − zc
hlayer

6

 ·
(
1− 10−16

) (23)

Here, zc represents the center of the step function, which varies over time to simulate the addition of new layers:

zc = vz · t+ z0 (24)

where vz is the vertical velocity of the printer, and z0 is the initial height of the printing process.

Figure 5: Illustration of layer addition.

3.1.2. Heat Transfer Equation
The heat transfer mechanisms during the SLS process at the part scale can be described by the heat conduction
equation [5]:

ρC⋆
p

∂T

∂t
+∇ · (−k∇T ) = q̇V + q̇conv,V + q̇rad,V (25)

In (25), ρ is the material density [kg/m3], C⋆
p is the specific heat capacity of the material [J/(kg ·K)], k is the

thermal conductivity [W/(m ·K)], and q̇V represents the volumetric thermal input from the laser [W/m3].

The terms q̇conv,V and q̇rad,V account for heat losses due to convection and radiation, during the SLS process. These
terms are included to account for the continuous nature of the simulation. During the SLS printing process, the
top boundary of each layer is exposed to the environment, leading to heat losses. However, in the simulation, the
boundaries of the domain remain fixed, which prevents the use of traditional convection and radiation boundary
conditions. This limitation and the treatment of heat losses will be elaborated further in the following section.

Initial and Boundary Conditions In the SLS process, the top of the powder bed is heated to the processing tem-
perature, T0, using an IR heater before exposure to the laser. It is then maintained at Tside during processing by
piston and cylinder heaters [18] (see Figure 6). Thus, it is assumed that the temperature of the newly added layer
is uniform throughout. The initial condition is therefore defined as:

T (x, y, z, 0) = T0 (26)

As mentioned, radiation and convection heat losses from the top surface are modeled as moving heat sinks due
to the addition of new layers. In the simulation, these losses are accounted for by subtracting their contributions
from the heat source. This approach effectively removes the heat that would otherwise be lost to radiation and
convection before it enters the system. The intensity of the convection heat loss is defined as:

q̇conv = hair(Tair − T ) (27)
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where hair is the convection heat transfer coefficient of air, T is the surface temperature, and Tair is the surrounding
air temperature, assumed to be equal to the initial temperature at the top of the powder bed, Tair = T0.

Similarly, the heat loss intensity due to radiation is given by:

q̇rad = ϵσB

(
T 4

air − T 4
)

(28)

where ϵ is the emissivity, and σB is the Stefan–Boltzmann constant. The temperatures T and Tair are the same as
those used in the convection heat transfer equation. The implementation of q̇conv and q̇rad as a heat sink will be
further detailed in subsubsection 3.1.3.

As shown in Figure 6, the temperature during the processing phase is maintained at a constant temperature Tside

by piston and cylinder heaters.

Figure 6: Schematic of temperature control in the Sinterit Lisa SLS 3D printer. Taken from [18]

The heat flux through the piston and cylinder boundary is modeled using a convection heat transfer approach,
inspired by the method in [19]:

q̇side = −n⃗side · (k∇T ) = −hside (T − Tside) (29)

In (29), n⃗side is the normal vector to the piston and cylinder surfaces, hside is the equivalent convection coefficient
corresponding to the heat transfer between these surfaces, and Tside is the temperature maintained by the piston
and cylinder heaters.

Once the part is fully printed, the cooling stage begins, during which the powder bed cools to room temperature.
At this stage, radiation and convective heat losses to the environment are assumed to occur on the top surface of
the domain. The boundary condition for the cooling stage is given by:

q̇top, cool = −n⃗top · (k∇T ) = −hair (T − Troom)− σBε
(
T 4 − T 4

room

)
(30)

In (30), n⃗top is the normal vector to the top surface, and Troom is the room temperature [K].

For the piston and cylinder boundaries during the cooling stage, it is assumed that the heaters are turned off.
Therefore, at the time of cooling, it is assumed in eq. (29) that:

Tside = Troom (31)

3.1.3. Laser Source Model
Before defining the laser source model, the volumetric energy density should be considered. The volumetric
energy density describes the amount of energy supplied by the laser to the material per unit volume. During the
printing process, the laser aims to maintain this energy density constant to ensure consistent material processing.
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It is defined in [4]:

Ev =
P0

vlaser · hhatch · hlayer
(32)

Where P0 is the laser power [W], vlaser is the scanning speed of the laser [m/s], hhatch is the hatch spacing [m], and
hlayer is the layer thickness [m]. The fraction of this energy absorbed in the material, is described by the absorption
coefficient, K [20]. To take this into account, a modified version of the energy density is defined as

E∗
v =

K · P0

vlaser · hhatch · hlayer
(33)

It is essential that the laser is modeled such that the heat transferred to the powder over time equals the desired
energy density. It is important to note that the heat transfer is not constant over time, and therefore the energy
density should be equal to the heat transferred by the laser, integrated over time:

E⋆
v =

∫ ∞

−∞
q̇V (z, t) dt (34)

It is beneficial to define q̇V (z, t) as the product of two components:

q̇V (z, t) = q̇0 · f(z, t) (35)

Where f(z, t) is a Gaussian function defined such that the integral of the function over z is equal to one:∫ ∞

−∞
f(z, t) dz = 1 (36)

This results in the Gaussian function being expressed as:

f(z, t) =
1

σ
√
2π

exp

(
−1

2

(
z − vzt

σ

)2
)

(37)

Here, σ represents the standard deviation of the Gaussian distribution. Eq. (37) describes the distribution of the
laser power in the vertical direction over time, with the center of the Gaussian profile moving upwards with the
vertical velocity of the printer, vz .

To determine the heat source intensity q̇0, eq. (35) is inserted into eq. (34), noting that q̇0 is independent of time.
The integral evaluates to:

E⋆
v = q̇0 ·

∫ ∞

−∞
f(z, t) dt =

q̇0
vz

(38)

Thus, by inserting the definition of the energy density from eq. (33), q̇0 becomes:

q̇0 =
P0 ·K · vz

vlaser · hhatch · hlayer
(39)

The heat sinks described in subsubsection 3.1.2 account for the convection and radiation heat losses at the top
surface. These are defined similarly to eq. (35):

q̇conv,V = q̇conv · f(z, t) and q̇rad,V = q̇rad · f(z, t) (40)
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Where the convection, q̇conv, and radiation, q̇rad, intensities are defined in eq. (27) and (28), respectively. f(z, t) is
the Gaussian function described in eq. (36).

Thus, the laser has been implemented as a heat source, while the radiation and convective heat losses at the top of
the powder bed surface are added as heat sinks.

3.1.4. Phase Transformation
Phase changes are not always easy to model, especially when hysteresis has to be considered. When a phase
change occurs, latent heat is either absorbed or released, and with hysteresis, this happens at different tempera-
tures, depending on whether the material is melting or solidifying. Furthermore, parameters like density, which is
typically assumed to have a constant value, change rapidly.

Specific Heat Capacity As shown in Figure 2, PA12 is a phase-change material with hysteresis, where the solidifi-
cation temperature differs from the melting temperature. The part-scale model incorporates this behavior using a
hysteresis model inspired by [21], illustrated schematically in Figure 7.

Figure 7: Schematic of hysteresis model.

The phase changes are described using a step function for both melting and solidification:

s(T ) =
1

2

(
1 + tanh

(
T
∆T
8

))
, (41)

where ∆T = 20.5K is the width of the phase transformation, determined based on Figure 2.

In Figure 7, heating the material from the solid powder state follows the lower red path, defined by:

hheating(T ) = Cp,0T + Lh · s(T − Tm), (42)

where Lh is the specific latent heat [J/kg], Tm is the melting temperature [K], and Cp,0 is the mean baseline
specific heat capacity when the material is not undergoing a phase change [J/(kg ·K)].

When fully melted (point 1a), the material transitions to the liquid phase. Upon cooling, the material follows the
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upper blue path, remaining in the liquid phase below the melting temperature. This path is given by:

hcooling(T ) = Cp,0T + Lh · s(Tmax − Tm) · s(T − Ts), (43)

where Ts is the solidification temperature [K], and Tmax is the maximum temperature reached, as defined in sub-
subsection 2.2.2.

Once solidification completes (point 2a), the material reverts to the red path. For cases involving partial melting
and subsequent cooling, such as point 1b, the material follows the black path between the red and blue curves.
Here, s(Tmax − Tm) in eq.(43) adjusts the latent heat released based on the latent heat absorbed. For example,
if 50% of the latent heat is absorbed during heating, s(Tmax − Tm) = 0.5, releasing only 50% of the latent heat
during cooling.

The specific heat capacity, accounting for the hysteresis behavior, is expressed as:

C⋆
p (T ) = HorC · d

dT
hheating(T ) + (1− HorC) · d

dT
hcooling(T ), (44)

where HorC is a state variable, defined in subsubsection 2.2.2, that determines whether a point follows the heating
or cooling curve.

Density As the powder undergoes sintering, transforming from a porous powder to a solid mass, the density
changes, which must be accounted for in the model. Before sintering, the density of the powder is ρbulk, and after
complete sintering, the density becomes ρsolid. This transition is modeled using a step function that adjusts the
density based on the maximum temperature experienced by a given volume of the print:

ρ(Tmax) = ρbulk +
ρsolid − ρbulk

2
·

(
1 + tanh

(
Tmax − Tm

∆T
8

))
, (45)

where Tmax represents the highest temperature reached in the volume, defined in subsubsection 2.2.2.

Using Tmax ensures that the density does not change after sintering, even as the part cools, preventing the density
from reverting to ρbulk, which would occur if the current temperature were used. Eq. (45) is centered around
the powder’s melting temperature, Tm. The transition zone width, ∆T = 20.5 K, corresponds to the phase
transformation width determined based on Figure 2.

The thermal conductivity is defined in the same manner as in the micro-scale model (Equation 2.1.2):

kpowder(ρ, z) = ksolid(1− ϕ(ρ)) · step(z), (46)

where ϕ(ρ) is the porosity defined in eq.(13), and step(z) is the step function from eq.(23), which determines
whether a layer is active or not.

A potential issue with this density modeling approach is that when the density increases, so does the mass, and
consequently, the energy. In reality, as the material density increases, the material shrinks, and the resulting gap
is filled with unsintered powder once the next layer is added. The additional powder filling the shrinkage gap
requires further energy for sintering. This energy must be supplied by the laser. However, in the model, this
additional energy is not directly taken from the laser but instead appears as an energy increase unaccounted for by
the laser’s contribution. While this is physically impossible, the model is accepted, because the additional mass
and energy correspond to the powder added to fill the cavity. This is indirectly accounted for when determining
laser power based on the desired energy density, as described in subsubsection 3.1.3.
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3.1.5. Duty Cycle
In the SLS process, the laser does not operate continuously. Instead, it alternates between being active and inactive.
During each cycle, the laser selectively fuses regions of the powder layer, and a fresh layer of powder is spread
before the next scan begins [4].

To account for this duty cycle, the activation time of the laser, ton, is defined as the duration for which the laser is
active in a given region, while the inactive time, toff, is the duration for which the laser is not active. To relate the
duty cycle to the build speed vz , toff is expressed as:

toff =
hlayer

vz
− ton, (47)

To adjust for the fact that the laser is not active continuously, a compensation factor, ηD, is introduced:

ηD =
ton + toff

ton
. (48)

This factor ensures that the total energy input remains consistent with a continuous operation. For instance, if
ton = toff, the laser is active for half the time, resulting in ηD = 2. This effectively doubles the laser intensity to
deliver the same energy as in the continuous case.

To represent the laser’s state, a binary variable, ONOFF, is defined, which will be detailed in subsubsection 3.2.2.
The variable equals 1 when the laser is active during ton, and 0 when the laser is inactive during toff.

With these modifications, the heat intensity of the laser, previously defined in eq. (35), is updated to:

q̇0 = ONOFF · ηD · P0 ·K · vz
vlaser · hhatch · hlayer

, (49)

These modifications allow accurate modeling of the laser’s energy deposition under the duty cycle constraints.

3.2. Method

This section outlines the methods employed to effectively implement the theoretical framework into the FE soft-
ware COMSOL Multiphysics.

3.2.1. Domain Representation and Meshing
This section details the implementation of the computational domain and mesh generation for accurate numerical
simulation.

To simplify geometry handling, the identity mapping function in COMSOL Multiphysics, is utilized. Two geome-
tries are defined: the first represents the print bed, where the theoretical framework outlined in subsection 3.1 is
applied, and the second contains the powder bed and printed parts. The identity mapping function is used to define
a variable, turnoff, which is assigned a value of 1 in regions containing printed parts and 0 elsewhere, using the
second geometry. This variable is multiplied by the volumetric heat source term, eq. (35), ensuring that the laser
is active only within the printed regions.

The computational domain (geometry 1) is simplified to a rectangular box, enabling the use of hexahedral elements,
which are well-suited for such geometries. In regions influenced by the Gaussian laser heat source, the mesh
element size is set to σ, corresponding to the standard deviation of the laser power distribution in eq. (37).

To account for the upward motion of the heat source with velocity vz , the time step is restricted by the CFL
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criterion described in subsubsection 2.2.4, ensuring numerical stability:

∆t =
1

2
· Lz

vz ·Nele
, (50)

where Lz is the domain length in the z-direction, and Nele is the number of elements along that axis.

3.2.2. Solver Configurations and Duty Cycle
To incorporate the duty cycle into the simulation, explicit events are utilized in COMSOL Multiphysics. A discrete
state variable, ONOFF, is initialized to 0, indicating the laser is off. An explicit event is then defined to activate the
laser (ONOFF = 1) at ti = 0, with a period of one cycle T = ton + toff. A second explicit event deactivates the
laser (ONOFF = 0) at ti = ton, repeating with the same period, T . This ensures the laser remains active for ton and
inactive for toff in each cycle.

To accurately capture the energy input during ton, the time-dependent solver is configured with a relative toler-
ance of 1 × 10−5. This ensures sufficiently small time steps during events, maintaining numerical stability and
convergence.

3.2.3. Parameters
The method described in the previous subsections was used to simulate the printing process in a Sinterit Lisa X
SLS 3D printer. The simulated printing material is industrial PA-12, as it is one of the most commonly used mate-
rials for SLS 3D printing [4]. All the parameters used are listed in Table 2 below.

Property Value Unit (Symbol) Source

Absorption coefficient, K 1 [−] [−]
Avg. Laser Power, P0 7.85 [W] Sinterit Studio
Avg. Laser Scanning Speed, vlaser 1.1 [m/s] Sinterit Studio
Vertical print velocity, vz 14 [mm/h] [17]
Initial temperature, T0 175 [

◦
C] [7]

Emissivity, ϵ 0.8 [−] [12]
Convection coefficient of sides, hside 10 [W/(m

2·K)] [19]
Specific heat capacity outside phase change, Cp,0 2 [kJ/(kg ·K) Figure 3
Convection coefficient top, hair 15 [W/(m

2·K)] [12]
Latent heat, Lh 145 [kJ/kg] Figure 3
Bulk density, ρbulk 505 [kg/m3] [16]
Density of solid material, ρsolid 1030 [kg/m3] [16]
Temperature of melting start, Tms 176 [

◦
C] Figure 3

Temperature of solidification finished, Tsf 145 [
◦
C] Figure 3

Melting temperature, Tm 186.2 [
◦
C] Figure 3

Solidification temperature, Ts 155.3 [
◦
C] Figure 3

Volumetric energy density, E⋆
v 1.59 [J/m3] Sinterit Studio

Hatch spacing, hhatch 0.36 [mm] Sinterit Studio
Layer height, hlayer nlayer · 0.125 [mm] Sinterit Studio
Standard deviation of the Gaussian distribution, σ hlayer/3 [mm] [−]
Temperature of print bed, Tbed 170 [

◦
C] Sinterit Studio

Table 2: Summary of parameters used in the part scale simulation.

4. Analysis & Discussion

In this chapter, the results from the micro- and part-scale models introduced in the previous chapters are presented
and analyzed. The part-scale model from section 3 is primarily examined using 2D simulations to reduce com-
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putational time, with a complementary 3D simulation included to capture additional complexities. Furthermore, a
parameter study is conducted to investigate the influence of selected key parameters.

4.1. Presentation of Results

The theory and method presented in section 2 and 3, results in temperatures and densities that will be presented in
this section. For the part scale, only 2D results are presented in this section.

4.1.1. Micro-Scale
For the micro-scale model described in section 2, the temperature and density results are presented in Figure 8 and
Figure 9, respectively.

Figure 8: Temperature distribution and temporal evolution for the micro-scale model.

The left plot in Figure 8 shows the maximum surface temperature of the micro-scale model at t = 0.1 s, which is
the end of the micro-scale simulation. Point 1, marked on this plot, corresponds to a specific location for which the
temperature evolution over time is displayed in the right plot. The results indicate that the peak surface temperature
reaches T = 187.7◦C, occurring within a rapid heating period of approximately t = 1ms. The subsequent cooling
phase is not included in the figure due to its significantly larger time scale.

Figure 9: Density distribution and temporal evolution for the micro-scale model.

In Figure 9, the left plot displays the density distribution on the model’s surface at t = 0.1 s. High-density regions
correspond to sintered areas, while low-density regions indicate unsintered powder. Point 1, marked on this plot,
represents the location for which the density evolution over time is shown in the right plot. Here, the results
demonstrate that the density increase occurs over a period of approximately t = 35 ms.
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4.1.2. Part Scale
Similar to the micro-scale model, the results of the part-scale model, described in section 3, are presented below.
The temperature results for the continuous model are shown in Figure 10.

Figure 10: Temperature results for the continuous part-scale model.

On the left-hand side of Figure 10, the maximum temperature distribution on the plane is displayed. It can be
observed that most of the plane remains close to the initial temperature of T0 = 175◦C. However, in the region
where the laser has been activated, the temperature reaches a peak of T = 185◦C. In the vicinity of the printed part,
a slight temperature increase is noticeable, though clear thermal gradients are still observed, distinctly highlighting
the shape of the printed part.

To illustrate the temperature evolution over time, the right-hand side of Figure 10 presents the temperature versus
time at the point marked as 1. The top plot shows the temperature evolution for the entire printing process,
including the cooling phase.

The bottom plot focuses on the temperature rise in greater detail, as this phase is not adequately resolved in the
top plot. It can be seen that the temperature steadily increases over t ≈ 200 s before beginning its return towards
the initial temperature.

A comparison can be made with the micro-scale model results shown in Figure 8. In the micro-scale model, the
peak temperature reaches T = 187.7◦C over a very short timescale of approximately t ≈ 1 ms. In contrast,
the continuous part-scale model exhibits a slightly lower peak temperature of T = 185◦C, which develops more
gradually over t ≈ 200 s. This slower heating rate at the part scale allows for more energy to migrate within the
material, illustrating the differences in thermal behavior between the two scales.

In addition to temperature and density, the evolution of specific heat capacity is plotted as a function of temperature
in Figure 11. The plot demonstrates how the specific heat capacity begins to rise as the temperature approaches the
onset of melting at Tms = 176◦C. This is to account for the absorption of latent heat during the melting process.
During cooling, the specific heat capacity drops down as expected, waiting to release the latent heat until the onset
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of solidification Tss is reached. At this point, the same amount of latent heat that was absorbed during melting is
released, confirming that the hysteresis model performs as intended.
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Figure 11: Specific heat capacity plotted as a function of temperature.

To mitigate the difference between the micro- and part-scale models, the part-scale model described in section 3
has also been simulated non-continuously with an activation time of ton = 40 s. The results of this simulation are
presented in Figure 12.

Figure 12: Temperature results for the part-scale model with an activation time of ton = 40 s.

On the left-hand side of Figure 12, the maximum temperature distribution on the plane is shown. Similar to
Figure 10, the printed part is clearly visible, and most of the plane remains near the initial temperature. Horizontal
bands of oscillating maximum temperature appear in the printed region due to the heat distribution of the laser
being modeled as a Gaussian pulse moving incrementally upward in space.

The temperature evolution over time for the point marked as 1 is presented on the right-hand side of Figure 12.
The temperature rises to a peak of 192◦C, higher than the 185◦C observed in the continuous model (Figure 10).
This increase occurs because the thermal energy is deposited over a shorter duration, allowing less time for energy
dissipation. Specifically, the temperature rise occurs over t = 40 s, closer to the t = 1 ms observed in the micro-
scale model, though still much longer. Despite this, the peak temperature of 192◦C in the part-scale model exceeds
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the T = 187.7◦C observed in the micro-scale model. This suggests reduced energy migration in the part-scale
model compared to the micro-scale model. This will be further discussed in subsection 4.4.

After reaching the peak temperature, the temperature quickly drops but only briefly, as subsequent layer heat-
ing begins to influence the observed layer. This pattern repeats across multiple layers, with the magnitude of
oscillations decreasing progressively.

Similarly to the temperature results, the density results for the part-scale model, with an activation time of ton =

40 s, are presented in Figure 13.

Figure 13: Density results for the part-scale model with activation time of 40 s.

The left-hand side of Figure 13 shows the density distribution in the plane, at the end of the simulation. It is evident
that the part has been successfully sintered, as its density closely matches that of the solid material, ρsolid, while
the surrounding region retains the bulk density, ρbulk. The appearance of horizontal bands in the density plot can
be attributed to the heat distribution being modeled as a Gaussian pulse.

On the right-hand side of Figure 13, the density evolution over time is shown for the point marked as 1. The plot
demonstrates a clear increase in density from the bulk value to the sintered material density, occurring over the
laser activation time ton. This confirms that the temperature fluctuations observed after the initial peak in Figure 12
have no significant effect on the density evolution in the model.

4.2. Parameter Studies

This section focuses on conducting parameter studies to evaluate the influence of two key parameters: the acti-
vation time (ton), which determines how long the laser remains on during each cycle, and the number of layers
(nlayer), which specifies how many actual layers are simulated as one layer in the model. These parameters play a
critical role in shaping the temperature and density distributions in the model, and understanding their impact is
essential for improving the accuracy of the model.

4.2.1. Activation Time
The activation time of the laser, ton, was defined in subsubsection 3.1.5. For this study, the temperature variation
at a single point over time was analyzed for ton = 400 ms, ton = 40 s, and ton = ∞ (continuous laser operation).
With nlayer = 10 actual layers simulated simultaneously used. The results are presented in Figure 14.
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Figure 14: Temperature variation for different values of ton.

From Figure 14, it is evident that the activation time ton significantly influences the temperature peaks: shorter
activation times result in higher temperature peaks. This behavior aligns with expectations, as the same energy is
delivered, but over a reduced time frame, reducing time for energy dissipation.

Interestingly, in the non-continuous cases, the temperature difference between ton = 400 ms and ton = 40 s

diminishes after the first peak. In the continuous model, the temperature curve remains smooth. Although the
continuous case does not achieve the high peak temperatures observed in the non-continuous cases, it reaches
temperatures comparable to those in the non-continuous cases after the first peak.

To further investigate the effect of activation time, Figure 15 presents the maximum temperature as a function of
ton.

Figure 15: Maximum temperature as a function of activation time ton.

Figure 15 clearly demonstrates that the maximum temperature increases as ton decreases. As ton becomes very
small, it is expected that the maximum temperature will reach a plateau, as minimal energy is lost before the
deposition is complete. A plateau-like behavior begins to emerge for ton < 1 s. However, the result for ton = 0.1 s

deviates from this trend, likely due to numerical instabilities at such small activation times. Furthermore, it appears
that the part-scale model at ton < 20 s exceeds the maximum temperature of T = 187.7◦C observed in the micro-
scale model by a significant margin, despite the faster energy transfer in the micro-scale model at t ≈ 1 ms. This
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further suggests that energy migration in the part-scale model is reduced in comparison to the micro-scale model.
Which will be discussed in subsection 4.4.

4.2.2. Fusion of Layers
Multiple actual layers can be modeled as one, to make the model faster. A parameter study is now performed to
determine how the number of fused layers, nlayer, affects the temperature at a single point over time. For this study,
it has been chosen to investigate nlayer = 5, nlayer = 10, and nlayer = 20, all cases with ton = nlayer · 4 s, to keep the
compensation factor, ηD, constant. The results are plotted on the figure below.
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Figure 16: Parameter study of nlayer.

As expected, the plot demonstrates that the temperature profiles exhibit more peaks as the number of layers per
heating cycle, nlayer, decreases. Specifically, nlayer = 5 has twice as many peaks as nlayer = 10 and four times as
many peaks as nlayer = 20. Additionally, the temperature peaks become progressively wider as nlayer increases.
This dissimilarity ensures that the compensation factor ηD in the analysis remains consistent.

Focusing on the first peak, the maximum temperature is slightly lower as nlayer decreases, suggesting that energy
migration is slightly higher when the layer thickness is smaller.

Beyond the initial peaks, the decrease in temperature as layers beyond the observed layer are heated can be seen to
follow the same trend. The temperature profiles converge, and after t ≈ 35 min, the difference in temperature be-
tween the cases is within T ≈ 0.5◦C. This indicates that while the number of layers per heating cycle significantly
influences the short-term temperature behavior, the long-term temperature stability remains unaffected, with all
cases reaching the same final temperature.

4.3. Extension from 2D to 3D Modeling

The part-scale model described in section 3 can easily be extended from 2D to 3D; however, this significantly
increases the computation time, which is why the focus of this project has primarily been on the 2D case. However
a 3D simulation was conducted, and the temperature results are presented in Figure 17. For this simulation, the
continuous approach was chosen, with the amount of fused layers set to 20, to decrease computation time. A
contour plot of the maximum temperature can be seen on the left, where it uniformly reaches 181◦C, which is 4◦C
lower than observed for the continuous 2D model in subsubsection 4.1.2.

On the right-hand side of Figure 17, the temperature evolution over time is plotted for the point indicated as 1, with
the y-coordinate being in the middle of the printed structure. Here, it is observed that it takes t ≈ 40 min for the
temperature to return to the initial temperature after the maximum temperature of T = 180.5◦C has been reached.
In comparison, the time it takes for the continuous 2D model, shown in Figure 10, to cool from T = 180.5◦C
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Figure 17: Continuous part-scale 3D model temperature results.

back to the initial temperature is measured to be t ≈ 65 min. Thus, the 3D model cools down significantly faster
than the 2D model. Which explain why the maximum temperature in the 3D simulation is lower than that of
the 2D simulation. The faster heat dissipation in the 3D model causes more energy to dissipate before all the
thermal energy is deposited into the material, preventing the material from reaching as high a temperature. This
phenomenon is similar to the behavior observed in subsubsection 4.2.1, where a shorter activation time leads to
higher temperatures.

4.4. Uncertainties

In this project, it was not possible to validate the temperature predictions with experimental observations. For the
micro-scale model, an absorption coefficient of K = 0.4 was chosen based on experiments in the literature using
similar powders [12]. For the part-scale model, an absorption coefficient of K = 1 was used, as the continuous
model with this modification produced comparable, though slightly lower, temperature values. However, when
the model was extended to a non-continuous approach, Figure 15 shows that the predicted temperatures at lower
activation times significantly overestimate the values expected in the micro-scale model, which have a low acti-
vation time at ton ≈ 1 ms. This suggests that the absorption coefficient should be lower for the part-scale model.
However, since the temperature results from the micro-scale model could not be validated, it is unclear whether
these results are accurate enough to be used as a reliable guide. Future studies could address this limitation with
additional resources and experimental data.

Some of the temperature discrepancies may also arise from the modeling assumptions. The use of a 2D model,
which cools more slowly than a 3D model, likely contributes to these differences. Additionally, higher peak tem-
peratures were observed when multiple layers were simulated as one, further impacting the discrepancies. Finally,
the modeling approach appears to break down at activation times below t = 0.1s. However, as Figure 15 suggests,
a temperature plateau is reached before this time, indicating that the impact on the results may be minimal.

5. Conclusion

This study successfully developed and analyzed micro- and part scale models to predict the thermal behaviors of a
sintering process.

At the micro-scale, rapid heating and cooling were observed, with peak temperatures reaching T = 187.7 ◦C

over a timescale of approximately 1 ms. In contrast, the part-scale model exhibited slower heating rates, with
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peak temperatures of T = 185 ◦C for continuous operation and higher peaks for non-continuous simulations
(T = 192 ◦C). These differences highlight the influence of energy migration and dissipation across modeling
scales.

Parameter studies further highlighted the sensitivity of temperature distributions to laser activation time (ton) and
the number of fused layers (nlayer) in the part-scale model. Shorter activation times resulted in higher peak tem-
peratures, while fewer fused layers resulted in lower temperature peaks. The choice of activation time influenced
energy dissipation, with shorter durations limiting energy migration and leading to higher localized temperatures.

Extending the part-scale model from 2D to 3D revealed faster heat dissipation in three dimensions, resulting in
lower peak temperatures. This indicates the importance of dimensional considerations in accurately modeling heat
transfer and thermal gradients. However, this came with increased computational costs.

The primary uncertainty in this study lies in the lack of experimental validation for temperature predictions. The
choice of absorption coefficients introduces potential inaccuracies, particularly in the part-scale model, where
predicted peak temperatures exceeded expected values for lower activation times. Modeling assumptions, such as
the use of 2D simulations and the fusion of multiple layers, also contributed to discrepancies. Addressing these
limitations in future work through experimental validation will enhance the reliability of the presented results.

In conclusion, the developed models provide a framework for understanding the thermal evolution in sintering
processes. Despite the identified uncertainties, the findings contribute valuable knowledge toward a numerical
framework for studying and optimizing the SLS process.
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