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Abstract

Selective Laser Sintering (SLS) of poly(ether ether ketone) (PEEK), a high-performance polymer, presents significant
challenges due to its narrow processing window, high melting temperature, and low thermal conductivity in powder
form. The successful fabrication of highly functional, dense components necessitates precise control over the intricate
thermal and fluid dynamics governing the PEEK sintering process. However, experimental and single-physics modeling
approaches are often insufficient to capture these transient multi-physics phenomena. This study introduces a novel two-
dimensional (2D) multi-physics Finite Element Analysis (FEA) model to simulate the SLS processing of PEEK powder.
This study realistically models the transient thermal and fluid behaviour during the SLS process and evaluates the effect
of fundamental parameters such as laser power and scanning speed by incorporating combined multi-physical phenomena
such as heat transfer, fluid dynamics, and phase transformations. Although optimum thermal profiles are obtained at an
Energy Density (ED) of 0.03 J/mm?, it has been determined that ED is not the single factor in understanding the ther-
mal behavior. The results show that scan speed significantly regulates heat accumulation and thermal gradients. Slower
scanning speeds promote high heat buildup and surface degradation at low powers, while higher speeds limit thermal
penetration, increasing the temperature difference between the top and bottom surfaces. This computationally efficient 2D
multi-physics approach improves understanding of PEEK laser sintering mechanisms, providing quantitative information
for rapid and effective parameter identification in high-performance polymer additive manufacturing.

Keywords Multi-physics modeling - Selective laser sintering - PEEK - Laser powder bed fusion of polymers
(LPBF-P) - Finite element analysis

1 Introduction 2]. In SLS, numerous process parameters, such as laser

power, scanning speed, hatch spacing, layer thickness,

Selective Laser Sintering (SLS), also known as Laser
Powder Bed Fusion of Polymers (LPBF-P), is an additive
manufacturing technique that employs a high-intensity
laser to selectively fuse polymer powder layer by layer to
produce solid parts. This method facilitates the fabrication
of intricate polymer components without moulds or tools,
utilised for manufacturing high-performance parts across
various sectors, including aerospace and biomedical [1,
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and powder bed temperature, significantly influence sin-
tering behavior and final part properties. These param-
eters influence melt pool formation, interlayer bonding,
part density, mechanical strength, and accuracy by con-
trolling the energy input and thermal history during layer
fusion [3, 4]. For example, a higher laser power or a
lower scanning speed increases the energy delivered to
the powder bed, raising the peak temperature and gener-
ally resulting in less porous local fusion. However, exces-
sive energy can also lead to overheating or degradation.
Therefore, it is essential to optimize SLS process param-
eters to produce parts with improved quality by prevent-
ing defects. Recent studies have increasingly focused on
optimizing SLS process parameters for the fabrication

@ Springer


https://doi.org/10.1007/s00339-025-09288-y
http://orcid.org/0000-0003-1904-1868
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-025-09288-y&domain=pdf&date_stamp=2026-1-20

114 Page 2 of 17

O. Eren

of high-performance polymers. Wang et al. studied the
effects of interlayer temperature gradients on the flexural
and tensile performance of PEEK by optimizing the laser
energy density depending on the temperature field dis-
tribution [5]. Rahman et al. optimized TPU-based SLS
parameters using response surface methodology, linking
layer thickness and laser power ratio to density and mod-
ulus [6]. Franco et al. analyzed the SLS process from an
experimental energy perspective and determined the opti-
mum volumetric energy density for PA12 [7]. In addition
to experimental processes, machine learning-focused
approaches are employed for process parameter optimi-
zation and defect minimization [8]. Similarly, Borah and
Chandrasekaran discussed thermal-mechanical modeling
and optimization strategies for 3D printing, highlight-
ing the shift toward data-driven and simulation-assisted
frameworks [9]. On the other hand, Schmid et al. showed
that PA12 powders from different origins require distinct
SLS processing conditions due to differences in particle
morphology, thermal behavior, and crystalline structure
[10]. Here, it is important to acknowledge that the prop-
erties of the materials used are another critical factor in
the optimization process.

Among high-performance SLS thermoplastics,
poly(ether ether ketone) (PEEK) is distinguished by its
exceptional strength-to-weight ratio, increased melting
temperature (= 343 °C), thermal stability, and chemical
inertness [11]. Nonetheless, substantial obstacles exist
in effectively processing using SLS [12]. For example,
to prevent the rapid cooling of recently sintered layers,
the powder bed must be heated to a high preheat tem-
perature (approximately the melting point of the poly-
mer) during SLS processing of PEEK. If the powder
bed temperature drops below the crystallization point
during processing, the material may suddenly crystal-
lize and shrink, causing layer failure or warping. PEEK
also exhibits a higher melting temperature compared to
more common polymers, such as polyamides, and exhib-
its a limited processing window between the initiation
of crystallisation and melting [13]. Furthermore, PEEK
has a high melt viscosity, which can prevent densifica-
tion during laser sintering and restrict polymer flow [14].
These factors make parameter optimization of SLS for
PEEK particularly critical. Schmidt et al. were pioneers
in demonstrating the feasibility of SLS processing for
PEEK, emphasising the necessity for substantial system
modifications, including elevated preheating (> 300 °C)
and enhanced powder flowability, in order to achieve suf-
ficient part density [15]. Subsequent work by Berretta et
al. expanded on this by introducing High Temperature
Laser Sintering (HT-LS) systems capable of processing
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PEEK powders above 250 °C, showing that optimized
energy densities between 0.018 and 0.032 J/mm? result
in strong mechanical performance and reduced poros-
ity [16]. More recent research has focused on lowering
the processing temperature. Kigure et al. introduced a
modified low-temperature sintering technique utilising a
powder bed temperature of 170-200 °C, resulting in over
95% relative density and around 80 MPa tensile strength,
demonstrating the feasibility of processing PEEK on con-
ventional SLS machines [17]. Although these experimen-
tal studies contribute to understanding the effect of SLS
parameters on the mechanical and dimensional properties
of the final part, they are incapable of capturing transient
phenomena like molten pool dynamics and temperature
gradients during sintering.

Finite Element Analysis (FEA) provides a fundamen-
tal approach to understanding the transient, multi-physical
behaviour in SLS, particularly for PEEK where thermal
gradients and crystallisation play a critical role. Mokrane et
al. and Riedlbauer et al. utilised FEA to simulate tempera-
ture distributions and cooling rates in polymer SLS, result-
ing in an excellent correlation with experimental melt pool
geometries [18, 19]. Shen et al. enhanced this by incorpo-
rating viscoelastic—viscoplastic constitutive behaviour and
crystallisation kinetics to forecast the evolution of residual
stress in PA12 [20]. Zhang et al. compared eight volumetric
heat source models and presented a new formulation that
accounts for variable thermal conductivity and absorptivity,
improving the prediction accuracy of melt pool dimensions
[21]. Eren et al. developed a fully coupled 3D multi-phys-
ics finite element model for PA12 that incorporated tran-
sient heat transfer, melt pool evolution, phase change, and
temperature-dependent viscosity to predict sintering quality
under varying laser parameters [22]. However, the com-
putational expense of such detailed 3D models limits their
applicability for broad parametric studies or rapid process
exploration. In the context of PEEK, few numerical models
have been reported. Wang et al. recently employed FEA to
simulate interface temperature distributions and optimize
laser energy density, but their work did not fully couple heat
transfer with viscoplastic deformation or phase change [5].
Therefore, a need remains for a multi-physics FEA frame-
work that can simultaneously capture the laser—material
interaction, melt pool dynamics, and interlayer fusion in
high-temperature semi-crystalline polymers.

This study presents a computationally efficient two-
dimensional multiphysics finite element model to simu-
late the SLS process of PEEK. It investigates the effects
of laser parameters (laser power and scanning speed) on
melt pool formation and temperature gradients using a
multiphysics-based FEA method. This research differs
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from previous studies that focused solely on experimental
optimization [7, 15, 16] or single-physics simulations [5,
20] by integrating multiple physical phenomena, includ-
ing heat transfer, fluid flow dynamics, melting-solidifi-
cation kinetics, and phase transformations, to accurately
represent the transient thermal and fluid behaviours of the
SLS process. The model simultancously assesses thermal
gradients, melt pool dimensions, and interface tempera-
ture evolution, thereby offering quantitative insights into
the optimal processing window that balances interlayer
bonding and dimensional stability. The originality of this
research lies in extending the polymer SLS modeling to
the high-temperature regime of PEEK, integrating vali-
dated heat transfer and phase transition submodels, and
correlating the simulation results with experimentally
reported processability trends [16, 17, 23]. This enhances
comprehension of PEEK laser sintering mechanisms,
facilitating swift and effective identification of pro-
cess parameters in high-performance polymer additive
manufacturing.

2 Finite element modeling approach for
selective laser sintering

2.1 Physical configuration and modeling
assumptions

The SLS process is a thermophysical additive manufactur-
ing method based on the irradiation and melting of a thin
layer of polymer powder by a high-power CO: laser. Fig-
ure 1 schematically shows these thermal interactions. When
the laser beam hits the powder bed, part of its energy is
reflected, depending on the material properties, powder par-
ticle size and phase. The remaining energy is transferred to
the powder and converted into heat. The attenuation of this
absorbed energy into the powder bed is determined by the
Beer-Lambert Law (Eq. 1). This principle, which is critical
for modeling heat distribution, estimates the laser intensity |
(W/mm?) at a depth z (m) under the surface:

I(2)=1Iye?? (1)
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Fig. 1 Schematic of multi-physic interaction in laser-based powder bed fusion process
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where § (m ™) is the effective extinction coefficient, combin-
ing intrinsic absorption and scattering losses from powder
particles. The incident laser intensity lo has a Gaussian dis-
tribution along the beam radius and results in the highest
heat flux at the center of the irradiation spot. This absorbed
energy initiates a multiphysical thermal cycle. The solid
powder particles undergo a phase transformation, forming
a melt pool. This liquid phase then coalesces and solidifies,
creating a strong metallurgical bond between adjacent scan
tracks and successive layers [24]. In order to accurately
simulate this entire process, a comprehensive energy bal-
ance and multi-physics are necessary. Alongside the energy
absorption anticipated by the Beer-Lambert law, it is neces-
sary to consider losses through conduction to the surround-
ing particles and substrate, convection from the surface to
the inert process gas, and radiation. Additionally, the latent
heat dissipated during the phase change needs to be included
in the thermal-numerical model [25].

Multidisciplinary SLS simulations are computationally
complex and time-consuming due to the interaction of sev-
eral physical phenomena. For efficient numerical model-
ling, the following simplifications have been implemented:

(1) The powder bed is modeled as a continuous, homoge-
neous medium consisting of uniformly sized, tightly
packed, idealized spherical particles. This approxima-
tion eliminates particle-scale scattering effects while
sufficiently capturing bulk thermal behavior for melt
pool evolution.

(2) A Gaussian heat source is employed, neglecting angle-
dependent absorption and powder-shading effects.
These mechanisms contribute minor corrections in
polymer SLS due to lower reflectivity and smaller opti-
cal path variations, and their omission enables a signifi-
cant reduction in computational cost.

(3) Vaporization and recoil pressure are not considered.
Unlike metal PBF, polymer SLS operates far below
vaporization thresholds; therefore, recoil-driven flow
instabilities, spatter, or keyhole formation do not occur
and can be safely neglected.

(4) A two-dimensional (2D) model is used to analyze
the dominant thermodynamic and melting dynamics.
The 2D approach is well aligned with the objective of
resolving vertical heat transfer and melt pool penetra-
tion efficiently, enabling transient multiphysics cou-
pling without the high computational expense of a full
3D domain.

(5) Surface-tension-driven phenomena such as Marangoni
convection and crystallization kinetics are excluded.
In polymers, surface tension gradients are significantly
weaker than in metals, and their contribution to melt
pool circulation is limited. Similarly, crystallization
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kinetics mainly influence post-solidification micro-
structure rather than the transient melt pool geom-
etry. Their omission allows computational efficiency
while preserving accurate prediction of global thermal
gradients, melt pool shape, and parameter-dependent
trends.

2.2 Governing equations
2.2.1 Heat transfer

The SLS method is essentially a thermal manufacturing
process. In this method, energy is transferred from the laser
power source to the powder surface. This transmission is
calculated using the generalized 2D heat transfer equation
(Eq. 2) and is directly related to the standard energy conser-
vation model [26].

oT
dzpcpm + dopcpuNVNT =V o (kVT)+ d.Q 2)

Where d.represents the effective layer thickness used
to convert volumetric heat terms into an equivalent two-
dimensional formulation, p cp% denotes the transient
thermal storage, and pcpu- VT describes the convec-
tive transport of energy within regions where molten PEEK
exhibits flow. The term V - (kV T') accounts for in-plane
heat conduction in the powder bed and melt pool, while @
represents the volumetric heat source associated primarily
with laser absorption. In the context of SLS, the dominant
source is the laser energy absorption (d,Q), often modeled
as a Gaussian heat source moving along the scan path. Vis-
cous dissipation and pressure terms are usually negligible
for polymers at the scales of SLS.

Initially, the ambient temperature and powder tempera-
ture (7)) are assumed to be preheated to 583 K.

T(x, y,2)1— = To 3)

Apart from the upper surface, it is presumed that every other
edge of the substrate is insulated. Thus, Eq. 4 defines the
heat flux boundary condition to be performed to the surfaces
of the solution domain.

oT

*(@)z:f aaq(r)—h(T—To) —oe(T* =Ty)  (4)

In this context, g(r) represents the heat flux at a distance
from the laser center (W/m™?), k denotes the thermal conduc-
tivity (W/m-K), o signifies the Stefan—Boltzmann constant
(5.67x10°% W-m=K™), T, refers to the preheat temperature
(K), and & shows the heat transfer coefficient (W/m™*K).
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Additionally, a4 and ¢ denote the absorption coefficient and
emissivity, respectively.

These equations (Eqgs. 2, 3 and 4) comprehensively rep-
resent the transient thermal behaviour during laser irradia-
tion. While accounting for conduction in the powder bed
and convection in the molten regions, latent heat effects dur-
ing phase change (discussed in the next section) are incor-
porated by modifying the effective heat capacity or adding
phase-field coupling.

2.2.2 Melting and solidification

The phase field method was implemented to simulate the
melting and resolidification behavior of PEEK powder.
The method provides a representation of complex interface
geometries within the melt pool. A continuous order param-
eter ¢ is introduced in Eq. 5 to distinguish between solid
and liquid phases. Here ¢ = 0 represents the solid state, ¢ = /
represents the liquid state, and intermediate values represent
the dispersed interface region.

¢ _v (A

where u is the velocity field, €, is the interface thickness
parameter, y is a coupling constant, and A relates to interfa-
cial energy. The auxiliary variable y denotes the chemical
potential, defined as

2
lbz—V.(ef)fV<p)+(g02—l)<p + (6)

where f(¢) represents the free energy density functional of
the system. The model parameters are related by

3€pso 2
A= g T T X (7

where ¢ is the interfacial energy and y a scaling factor. The
interface thickness ¢, interface energy o, and other constant
material parameters in the model relate the diffuse interface
to physical surface energy and mobility.

In order to additionally capture the latent heat effects dur-
ing melting and solidification, the enthalpy-based method
was also implemented. In this approach, the energy conser-
vation equation is expressed as a function of enthalpy H (J/
m?), which incorporates both sensible and latent heat con-
tributions (Eq. 8). The density and specific heat are defined
as weighted averages of the solid and liquid phases, while
the latent heat of fusion is introduced through an apparent
heat capacity term within a small transition interval. This

creates a “mushy zone” in which solid and liquid coexist,
and material properties are smoothly blended according to
the local phase fraction. In the present model, this phase
fraction is represented by the phase-field variable ¢, which
varies smoothly from 0 (solid) to 1 (liquid). The enthalpy
formulation and the phase-field method are thus thermody-
namically coupled. H(7, ¢) includes both sensible heat and
the latent heat contribution L¢, allowing the heat-transfer
equation to account for energy absorbed or released during
phase change, while the phase-field equation uses the same
¢ to track the progression of melting and solidification.
This ensures a consistent linkage between the temperature
field, enthalpy evolution, and interfacial dynamics without
explicitly tracking the solid-liquid boundary. By doing so,
the release and absorption of latent heat are consistently
accounted for in the temperature—enthalpy relationship
without explicitly tracking the interface [27].

T
H= / p C,T
Tyes

p=01p,+02p, 01+05,=1
_ 1 dam 1 Bapy—01p,y
Cp_p (01p1Cp1 +02p5Cp2) + L1y T Om =3 Tip, $ 020,

Where Cp, p, and L,_,, represent the specific heat (J/
(kg'K)), density (kg/m’) and latent heat from phase 1 to
phase 2 (kJ/kg), respectively. In the phase transition, a
mushy zone exists, characterised by heterogeneous material
characteristics during the transition interval (A7) ,).

2.2.3 Fluid flow

The fluid dynamics of molten PEEK in SLS are governed
by the incompressible Navier-Stokes equations (Eq. 9). The
system is constrained by the continuity equation (Eq. 10),
which ensures mass conservation for an incompressible
fluid.

ou
Py tr (e VIu=V.pI+K)+F; +(p —prep) g )

(Vo u)=0 (10)

where u represents the velocity vector, p denotes the den-
sity, p signifies the pressure, I is the identity tensor, and
K=u(Vu+(Vu)T indicates the viscous stress tensor with u as
the dynamic viscosity. The expression (p—pre f)g denotes the
buoyancy force according to the Boussinesq approximation.

A two-phase mixture formulation (Eq. 11) was used to
represent both solid and liquid phases in a single domain.
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The effective density and viscosity are expressed as
weighted averages of the solid and liquid phases according
to their volume fractions:

p=p1Vi1+poVia, u =pu Vi1 +uyVyo (11)

with phase volume fractions defined as:

1-— 1-—
7@, Via = J, Viit+Via=1

V =
f1 2 2

(12)

Here, ¢ is the phase-field order parameter introduced in pre-
vious section. This expression allows the fluid flow model
to be directly coupled to the melting and solidification
dynamics. As ¢ evolves, the local mixing properties provide
a smooth transition between the solid and molten PEEK
properties.

This fluid flow formulation provides a coherent repre-
sentation of molten polymer dynamics in the powder bed
by encompassing the redistribution of liquid PEEK and the
stabilisation of solid-like areas. The model considers the
velocity and pressure fields that govern melt pool stability,
porosity removal, and densification, while ignoring second-
ary effects such as ambient gas flow, evaporation, or recoil
pressure. Mechanisms driven by surface tension, such as
Marangoni convection, are simplified by assuming the sur-
face tension coefficient (/) remains constant.

2.3 Gaussian heat source

A Gaussian heat source distribution was used to model the
laser-powder interaction in the two-dimensional simulation
domain. The Gaussian function (Eq. 13) allows the energy
intensity to gradually decrease from the beam center to the
edges (along the x-axis). The decrease in energy penetra-
tion through the powder layer due to scattering and partial
absorption within the porous medium in the vertical z-axis
is depicted by a Beer-Lambert function (Eq. 1).

Qa,2) = 20 A]:e:rp [_2 [I —(zo+wpe 1‘/)2]} cop {_%‘}

(13)

™ wo wo2

where P is the laser power (W), o, is the absorptivity of
PEEK powder, w, is the laser beam radius (m), v, is the scan
speed (m/s), and 4 denotes the penetration depth, approxi-
mated by the effective layer thickness. The absorptivity
value (0A = 0.63) was selected based on experimentally
reported CO:-laser absorption measurements for semi-
crystalline PEEK powders, where surface roughness and
particle-scale scattering increase effective absorption com-
pared with bulk PEEK [18, 28]. The extinction coefficient
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B used in the Beer—Lambert attenuation term similarly fol-
lows values adopted in polymer SLS heat-transfer models,
representing combined intrinsic infrared absorption and
multi-scattering within the porous powder bed. It should be
noted that using a constant absorptivity introduces a degree
of uncertainty because PEEK’s optical properties are tem-
perature dependent. However, due to the scarcity of reliable
temperature-dependent data, a representative mean value is
commonly used in preliminary thermal modelling studies.
This formulation allows the laser irradiance to be expressed
as a surface-subsurface energy distribution rather than a
fully volumetric source. Thereby, it reduces computational
complexity while preserving the fundamental physical
properties of energy deposition. The 2D model provides an
effective and realistic description of the effects of the laser
heat source on temperature gradients, melt pool evolution,
and layer bonding during the SLS process.

2.4 Material thermophysical properties

This study utilised polyetheretherketone (PEEK) as the
build material. PEEK is especially appealing for SLS-
produced aerospace and biomedical components due to its
semicrystalline structure, its ability to withstand elevated
temperatures, and its strong mechanical performance [29].
Thermogravimetric analyses show that PEEK maintains its
integrity up to approximately 550 °C, with the first degrada-
tion onset occurring around 575580 °C [30]. This degrada-
tion primarily involves random chain scission of ether and
ketone linkages, followed by thermo-oxidative reactions
that progressively reduce molecular weight and lead to char
formation.

During SLS processing, the powder undergoes repeated
cycles of heating, melting, and solidification, requiring
accurate characterization of its temperature-dependent ther-
mophysical properties. The temperature-dependent prop-
erties of PEEK used in the analysis were obtained using
analytical functions or interpolation tables derived from
experimental measurements [31-33] and are summarized in
Table 1. Argon gas, which is frequently employed as an inert
atmosphere in SLS to reduce oxidation and thermal degra-
dation of polymer particles, was filled into the computa-
tional domain outside the powder bed. The thermophysical
properties of argon were obtained directly from the COM-
SOL materials library. Intermediate values were computed
through piecewise cubic interpolation.

2.5 Numerical model and boundary conditions
A two-dimensional finite element model was used in COM-

SOL Multiphysics to study the thermophysical response
of PEEK powder during SLS processing. The presented
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Table 1 Temperature-dependent physical properties of PEEK [31-35]

PEEK Symbol  Temperature/Value Units
properties
Density p(T) T<300K 1300 kg-m™3

300<T< 1300—-0.2(T

400 —300)

400<T< 1280—-0.37«(T

616 —400)

616 <T< 1200—-0.95(T

700 —616)

T>700K 1120
Specific heat  Cp T<300K 1100 Jkg'-K!
capacity 300<T< 1100+ 3.5¢(T

400 —300)

400<T< 1450+4.8(T

500 —400)

500<T< 1930+ 1.7(T

600 —500)

600 <T< 2100+ 5T

620 —600)

620<T< 2200+ 0.66

680 (T —620)

T>680K 2240
Thermal k T<300K 025 W-m*-K™!
conductivity 300<T< 0.26

400 0.27

400<T< 0.29

573 0.32

573<T<

616

T>616K
Dynamic u T<616 K (solid; very Pa.s
viscosity 616 <T< large p),

673 1000+(—21.6

673<T< )(T—-643)

723 350+(—5.5)(T

723<T< =673)

773 75+(— 1.3)«(T

T>773K —723)

10

Melting Tm 616 K
temperature
Melting H 130 Jg'!
Enthalpy
Thermal B 50 x107 0K ™!
expansion

model is designed to capture the fundamental physics of
laser-material interactions in a computationally efficient
manner while preserving the multiphysics effects necessary
to reproduce realistic thermal and phase change behavior.
To simulate the scanning laser, a moving Gaussian heat
flux was applied to the top surface using the Heat Trans-
fer module to transfer heat from the powder bed. The phase
transition of PEEK from solid to liquid and vice versa was
incorporated using an enthalpy-based formulation (Eq. 8)
that also considers latent heat. The Laminar Flow module
has been incorporated into the model to determine the poly-
mer flow in the molten region. Additionally, the Non-Iso-
thermal Flow module incorporated into the model provided

a consistent coupling between the two domains, ensuring an
accurate representation of convective transport and viscos-
ity reduction at higher temperatures. Surface tension effects
were also considered to simulate neck formation between
neighboring powder particles. The lateral surfaces were
assumed adiabatic to minimize artificial heat exchange,
while the bottom boundary was constrained to reflect the
conductive heat loss into the solid substrate. Convective and
radiative heat dissipation at the top free surface was also
included to approximate realistic energy losses to the sur-
rounding argon atmosphere.

The schematic representation of the finite element
domain and its dimensions is given in Fig. 2. A dense PEEK
layer was defined as the solid substrate in the model, and a
layer of PEEK powder particles of uniform diameter was
placed on it to form a powder bed. For numerical discretiza-
tion, a structured triangular mesh was employed, resulting
in approximately 15,500 elements across the 2D compu-
tational domain. To ensure that the simulations were car-
ried out within a mesh-independent range, the minimum
and maximum element sizes were refined between 0.25
pm and 1.75 pm, with a maximum element growth rate of
1.08 and a curvature factor of 0.25. Additionally, a concise
mesh-sensitivity check was performed using coarse (~9,800
elements), medium (=15,500 elements), and fine (27,400
elements) meshes, showing variations of <3% in melt pool
depth, <3% in Heat-Affected Zone (HAZ) thickness, and
<2% in peak temperature. These negligible differences con-
firmed that the selected mesh resolution provides numeri-
cally stable and mesh-independent results.

The transient laser scanning was simulated using a mov-
ing Gaussian heat source, with calculations performed
at 500 incremental time steps and a relative tolerance of
5x107. The total simulated interaction covered a duration
of 0.29 milliseconds, sufficient to capture both the heating
and cooling stages of the process. For numerical solving,
a parallel sparse direct solver (PARDISO) was selected
to handle the coupled thermal—fluid equations efficiently.
Each single-track analysis required approximately 5—7 min
of computation time on a computer equipped with an Intel
Core 15-4200 H processor and 8 GB DDR4 memory.

2.6 Simulation design and parametric analysis

A simulation framework was established to systemati-
cally analyze the influence of key operating parameters on
the thermal and physical response of PEEK powder dur-
ing the SLS process. In this two-dimensional model, laser
power (P) and scanning speed (v) were defined as the main
variables, while hatch space (%) was held constant at 0.2.
Together, these factors determine the Energy Density (ED)
in Eq. 4, a widely used metric that quantifies the effective
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Laser irradiation

Scanning direction

O 125 pm

v

150 pm

F 3

A 4

290 pm

Fig. 2 Two-dimensional finite element model used to simulate the SLS process

energy delivered to the powder bed during laser exposure
[36]. Previous research has demonstrated that energy density
(ED) is a key factor in influencing part density, mechanical
integrity, and surface quality [15, 23]. Insufficient ED often
results in incomplete melting and lack-of-fusion defects,
whereas excessively high values may cause material degra-
dation, excessive shrinkage, or other thermal defects. This
metric offers a useful method for comparing various param-
eter combinations; however, as the results will show, ED
alone does not fully reflect the time-dependent effects of the
laser-material interaction in SLS of PEEK.

P

ED =
ve h

(14)

The simulation design was structured into four categories based
on increasing energy density (ED) values: low (0.015 J/mm?),
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moderate (0.03 J/mm?), upper-moderate (0.045 J/mm?), and
high (0.06 J/mm?). To ensure consistency with experimental
studies and established practice [37, 38], the scan speed was
adjusted between 2000 and 4000 mmy/s. Correspondingly, the
laser power was varied from 6 W to 48 W in order to achieve
the targeted ED levels. These parameter choices reflect typical
settings of commercial SLS systems for PEEK, where powder
sizes around 50 um, 0.1 mm layer thickness, and scan speeds
above 2000 mm/s are commonly used to prevent excessive
heat accumulation. Slower scan speeds (< 1500 mm/s) were
excluded because they promote overheating in high-tempera-
ture polymers and are impractical in commercial SLS systems
due to substantially increased build times. The range selected in
this study was therefore designed to capture the relevant process
window and cover thermal gradients, melt pool evolution, and
inter-particle neck growth. The eight parameter sets defined to
represent this operating window are summarized in Table 2.
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Table 2 Laser processing parameters in SLS

SET  Power  Speed ED (J/mmz) Constant Parameters
(W) (mm/s) [39]
1 6 2000 0.015 * Powder Bed
2 12 2000 0.03 Thickness: 0.1 [mm]
3 18 2000 0.045 ;)Szpo[t Diaimeter:
.25 [mm
4 24 2000 0.06  Powder Diameter:
5 12 4000 0.015 50 [um]
6 24 4000 0.03 * Hatch Space: 0.20
7 36 4000 0.045 [mm]
8 48 4000 0.06 * Chamber Tem-
perature: 583 [K]
* Absorption coef-
ficient: 0.63

* Argon atmosphere

3 Results and discussion

3.1 Transient temperature fields and thermal
gradient evaluation

The time-dependent thermal distribution has been inves-
tigated to understand the interaction between laser energy
input and material response during the SLS process. This
enables the determination of optimal processing parameters
by facilitating the detection of fusion defects caused by
insufficient heating as well as thermal degradation caused
by excessive heating. Figure 3 shows the simulated temper-
ature evolution at the top and bottom surfaces of the powder
layer for different laser parameter sets. In the figure, as the
energy density (ED) increases, both the rate of temperature
rise and the maximum surface temperatures increase pro-
portionally. High energy input conditions (e.g., SET4 and
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SETS, both with ED = 0.06 J/mm?) caused the upper surface
temperature to exceed PEEK’s thermal degradation thresh-
old (~ 833 K), leading to polymer degradation. These degra-
dation limits (Tpd and Td), defined based on experimentally
reported [23] onset temperatures for PEEK chain scission
and thermo-oxidative reactions, help to distinguish a stable
processing window from thermal conditions where signifi-
cant molecular degradation is expected. Therefore, condi-
tions exceeding Td are interpreted as falling outside the
practical operating range even if complete melting occurs.
Moreover, these excessive thermal exposures can negatively
affect the strength and dimensional accuracy of the final part
by causing keyhole-type porosity [40]. In contrast, low ED
cases (e.g., SET1 and SETS, both with ED = 0.0015 J/mm?)
produced maximum temperatures only slightly above the
melting temperature of PEEK (~ 616 K). Furthermore, this
temperature increase has been restricted to the upper sur-
faces of the powder. This inadequate heat transfer, which
cannot penetrate the lower layers, limits the depth of the
molten pool and reduces mechanical strength by causing
defects such as weak interlayer bonding or incomplete melt-
ing [41]. Optimal thermal profiles were obtained in interme-
diate energy conditions (e.g., SET2 and SET6, both with ED
=0.03 J/mm?), where the temperature distribution remained
within the desired processing window allowing for stable
sintering without thermal damage. These results are con-
sistent with previous numerical and experimental studies
reporting similar trends in heat absorption and dissipation
depending on energy density [15, 28, 39].

Figure 4 illustrates the peak surface temperatures (upper
and lower) achieved across variations in laser power and
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Fig. 3 Simulated temperature evolution at the top and bottom surfaces of the powder bed for different laser parameter sets. Horizontal lines mark
Tm (melting), Tpd (partial degradation), and Td (full degradation); the vertical line indicates tint (interaction duration)
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Fig. 4 Peak surface temperatures as a function of laser power at scan speeds of 2000 and 4000 mm/s

scanning speed. At low laser power levels (e.g., 6—12 W),
the supplied energy is insufficient to achieve full melting,
particularly in the bottom region of the powder bed. For
instance, at 6 W the bottom surface remains close to 605—
610 K, which is well below.

the melting temperature of PEEK (~616 K). Even at
12 W, the bottom surface only reaches~635 K, still on the
boundary of the sub-melting regime. This shows that espe-
cially at low powers, heat transfer into deeper layers is lim-
ited, and lowering the scan speed alone cannot compensate
for the lack of input energy. As laser power increases, both
top and bottom surface temperatures rise significantly. At
18 W, the bottom surface exceeds~655 K, clearly above
the melting range and enabling more effective sintering. At
24 W, bottom temperatures reach nearly 690 K, ensuring
sufficient penetration, while the top surface climbs beyond
830 K, entering the full degradation regime. This indicates
that, although higher powers are essential to prevent lack-
of-fusion at the bottom surface, they also increase the risk
of thermal degradation near the top surface, particularly at
slower scanning speeds.

The temperature difference between the upper and lower
surfaces increases as the energy density (ED) increases, as
seen in Fig. 4. This can be explained by the non-linear heat

@ Springer

transfer in the powder bed, as well as the more dominant
local heating concentrated on the surface at high energy
inputs. At higher ED levels, the upper surface temperature
increases rapidly due to the laser beam transferring more
energy in a short interaction time. However, due to the low
thermal conductivity of PEEK powder (Table 1), especially
when loosely packed, a substantial portion of this energy
is trapped at the surface, and heat transfer to the lower lay-
ers remains limited. Furthermore, the increase in surface
temperature at high ED values also increases radiative and
convective heat losses from the upper layer, further restrict-
ing heat diffusion downward. This effect becomes more pro-
nounced when the interaction time is insufficient to reach
equilibrium.

Although scanning speed is included as a parameter in the
energy density formulation (in Eq. 14), it should be consid-
ered separately since it directly governs the laser—material
interaction time and thus the effective energy absorption.
For a given ED, many different (P, v) pairs are possible.
However, the local interaction time of the traveling beam
with a point on the surface scales with 7;,,,~2 wy/v, and the
characteristic thermal diffusion length in the powder bed
scales with L; ~ a 7;,. Consequently, cases with the same

nt*

ED but different scan rates (e.g., SET1 and SETS) exhibit
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different interaction times and diffusion lengths, which
explains the difference in peak temperatures and melt pool
depths despite having the same nominal energy input per
unit area. As seen in Fig. 4, surface temperature rises nearly
linearly with increasing laser power, yet the slope of this rise
differs significantly with scan speed. At 2000 mm/s, the top
surface enters the partial degradation regime at ~18 W and
surpasses the full degradation threshold above 24 W, con-
firming that slower scanning promotes greater heat accumu-
lation. Conversely, at 4000 mm/s, the temperature increase
is more gradual, with partial degradation observed at higher
powers (>36 W). Nevertheless, this decrease in interaction
time at increased scanning speeds is offset by the limited
thermal penetration, as evidenced by the increasing dispar-
ity between the top and bottom surface temperatures in Fig.
4. This temperature difference between the upper and lower
surfaces indicates the presence of vertical thermal gradients
in the melt pool. These gradients play an important role in
determining the geometry of the melt pool and, if not prop-
erly controlled, can lead to permanent stresses and warping.
Figure 5 shows a comparative view of the transient thermal
distributions in the powder bed according to laser parameters.
The isothermal contours illustrate the evolution of thermal
penetration, while the temperature scale bar below quantifies
the thermal magnitude and defines the extent of the melting
zone. The importance of interaction time is emphasised by
a direct comparison between SET4 and SET6, which oper-
ate at varying scanning speeds but maintain the same 24 W
laser power. In SET4, the reduced scanning speed facilitates
extended energy deposition, leading to an expanded thermal
zone with considerable vertical penetration into the substrate.
Conversely, SET6, which processes twice as quickly (4000
mm/s), shows a flatter distribution with lower peak tempera-
tures because the material receives less energy density. This
reduced interaction time prevents overheating of the surface,
but also limits subsurface heating. This results in a weaker
thermal gradient and a risk of incomplete fusion in deeper
layers. An analysis of SET6 and SETS, both operating at a
scanning speed of 4000 mm/s, demonstrates the influence of
laser power. The increased power utilised in SET8 doubles
the energy density compared to SET6, resulting in a consid-
erably more intense melt pool. However, the contours in the
high-power SETS reveal high peak surface temperatures (>
780 K) throughout the powder volume. This suggests a high
risk of thermal degradation, in which PEEK powder under-
goes chain scission and molecular weight reduction, leading
to gas evolution, void formation, and carbonization [42].
The thermal results demonstrated that higher ED corre-
lates with increased surface and subsurface temperatures,
yet the inherently low thermal diffusivity of PEEK powder
restricts downward heat flow, consequently magnifying
the inter-surface temperature difference. Despite having

identical ED values, altering the balance between laser
power and scanning speed results in markedly different
thermal profiles. This highlights the critical impact of the
amount of energy transferred to the surface and the duration
of interaction. Lower scanning speeds allowed for deeper
heat penetration but increased the risk of surface degrada-
tion. Higher scanning speeds, on the other hand, resulted
in more localized heating near the surface but inadequate
melting in the subsurface region. These results emphasize
the importance of considering both the magnitude of the
energy input and the temporal dynamics of laser-material
interaction to achieve stable melting and reliable interlayer
bonding. To accurately capture these effects and their depen-
dence on process parameters, a comprehensive study of the
melt pool formation and morphology is therefore necessary.

3.2 Molten pool evolution

Figure 6 illustrates the transient evolution of the melt pool
for various combinations of laser power and scan speed.
Molten material is represented by red, while solid mate-
rial is signified by blue. At low energy density (e.g., SET1
and SETS, ED=0.015 J/mm?), the molten region remains
shallow and discontinuous, with limited bonding between
adjacent particles. In these cases, the bottom layers remain
below the melting threshold, resulting in incomplete fusion
and a high likelihood of lack-of-fusion defects. A compari-
son between SET1 and SETS reveals more incomplete melt-
ing in SET1, which was processed with lower laser power
(6 W). This clearly demonstrates that, despite having the
same ED values, lower laser power is insufficient to provide
adequate heat transfer into the powder bed. In the parameter
sets with low laser power and high scanning speed (e.g.,
SETS, ED=0.015 J/mm? and SET6, ED=0.030 J/mm?),
delays in neck formation are observed and the melted zone
remains relatively shallow. Even in the last step of the scan-
ning (at 0.29 ms), delays in the completion of the melted
zone result in steep thermal gradients. Such delays and the
shallow melt pool structure can lead to porosity, weak inter-
layer bonding, and finally reduced mechanical integrity of
the final part. In SET3, characterized by a moderate ED and
a slow interaction time, a homogeneous melt pool structure
can be observed. This morphology indicates the feasibil-
ity of producing dense parts without allowing the forma-
tion of voids or lack-of-fusion defects. In SET4, however,
the increased ED significantly enlarges both the melt pool
and the Heat-Affected Zone (HAZ). Such a morphology
can lead to problems such as excessive thermal stresses and
distortion, ultimately resulting in dimensional inaccuracy
and reduced part quality. Multi-physics-based animations
of melting behaviour for varying ED levels are provided in
Supplementary Materials 1.
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Fig.5 Thermal distributions for SET4 (P=24 W, v=2000 mm/s), SET6 (P=24 W, v=4000 mm/s), and SET8 (P=48 W, v=4000 mm/s) at differ-
ent time steps. Isothermal contours show heat penetration and melt pool evolution (600-800 K)

Figure 7 illustrates that the melt pool depth and HAZ size
are distinctly governed by both the Energy Density (ED)
and the transient dynamics of the laser-material interaction.
At a constant scanning speed of 2000 mm/s (SET1-SET4),
gradual increases in laser power from 6 W to 24 W widen
the melt pool depth from ~56 pm to ~ 118 um and the HAZ
from ~67 pm to ~148 pum. This trend confirms the direct
effect of increased power on the energy provided per unit
area, thereby ensuring extensive phase transformation and
profound heat transfer. At the higher scan speed of 4000
mm/s (SET5-SETS), a similar pattern is seen, with melt
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pool depths growing from ~61 pum to ~120 um as power
increases from 12 W to 48 W. Nevertheless, the incremental
gains in melt penetration are slightly lower than those of
the 2000 mm/s group due to the shorter interaction periods.
It indicates that the thermal diffusion efficiency is signifi-
cantly influenced by the exposure time. The inherently low
thermal conductivity of PEEK (see Table 1) limits vertical
heat transfer, meaning that insufficient interaction time,
even at high laser powers, restricts subsurface fusion. At
low power with a high scan rate (e.g., SETS5), the melt pool
remains relatively shallow, resulting in insufficient neck
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Fig.6 Melt pool evolution for different parameter sets (SET1-SET7) at t=0.145 ms and t=0.29 ms, showing the effect of laser power, scan speed,
and energy density (ED) on temperature distribution and melt pool morphology
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Fig. 7 Radar plot comparing melt pool depth (blue) and heat-affected zone (HAZ) depth (orange) for different parameter sets

growth and incomplete layer consolidation. In contrast,
high-power conditions such as SET4 and SET8 create large
HAZ regions and extensive melt pools. However, excessive
heat input increases the risk of distortion, thermal stresses,
and dimensional instability. Intermediate conditions (SET2,
SET3, and SET6) exhibited a more stable melt pool behav-
ior. These sets ensured proper sintering without surface
overheating or uncontrolled HAZ growth.

Lastly, the simulated melt pool geometries show qualita-
tive trends that are consistent with experimentally reported
processing windows in the SLS of high-performance poly-
mers such as PEEK. For instance, the predicted maximum
surface temperature (= 370 °C) and melt pool depth (= 100
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um) are in close agreement with the experimental tempera-
ture ranges observed by Wang et al. [5] and Kigure et al.
[17], thereby confirming that the use of sufficient energy
density levels ensures interlayer diffusion without thermal
degradation. The observed reduction in temperature gradi-
ent at moderate scanning rates is consistent with the results
of Berretta et al. [16], who reported enhanced density and
mechanical properties under similar laser conditions. Like-
wise, the simulated interlayer heat accumulation and sub-
sequent cooling behavior are in line with the thermal field
distributions modeled by Riedlbauer et al. [19] and experi-
mentally verified by Peyre et al. [23], demonstrating that
preheating near the crystallization temperature effectively
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reduces residual stresses. The integration of an enthalpy-
based phase change model and temperature-dependent
thermal conductivity also reproduces the melt pool evolu-
tion trends reported by Mokrane et al. [18], validating the
capability of the present framework to capture the coupled
thermal and physical mechanisms of polymer sintering. The
suggested approach demonstrates reliability as a predictive
tool for evaluating process stability and determining appro-
priate operating windows in the SLS of high-performance
polymers such as PEEK.

4 Conclusion

In this study, a two-dimensional multi-physics finite ele-
ment model is presented to investigate the thermal and melt
pool behavior of PEEK during SLS. The simulation results
indicated that the energy density (ED) is a critical factor in
determining the melt pool depth, heat-affected zone (HAZ)
size, and temperature uniformity throughout the powder
bed. Optimal thermal and morphological conditions were
achieved at a moderate energy density (=0.03 J/mm?), facil-
itating melting and interlayer bonding while minimizing
thermal deterioration. Insufficient energy density resulted in
partial fusion and poor interlayer bonding, whereas exces-
sive energy input caused overheating and possible polymer
degradation.

The modeling framework developed in this study suc-
cessfully coupled transient heat transfer, phase transfor-
mation, and fluid flow in a computationally efficient 2D
domain. The model integrated an enthalpy-based phase
change formulation with a Gaussian heat source and non-
isothermal flow coupling, effectively capturing the evolu-
tion of the melt pool, interlayer temperature gradients, and
the reduction of dynamic viscosity with high temporal pre-
cision. The results demonstrate that the proposed frame-
work is a reliable tool for analyzing process parameters and
predicting sintering quality in high-temperature polymer
systems, thereby reducing the need for costly trial-and-error
experiments. Overall, the findings establish a physically
meaningful and computationally efficient basis for explor-
ing laser—material interaction mechanisms in high-temper-
ature polymer SLS. This work should therefore be viewed
as a preliminary multiphysics analysis, intended to elucidate
dominant thermal trends and support parameter selection
prior to more resource-intensive 3D simulations.

Future research will focus on extending this two-dimen-
sional model to a full three-dimensional transient analysis
to capture lateral heat accumulation and the influence of
scan path strategies. Incorporating crystallization kinetics
and viscoelastic deformation into the model would enhance
the prediction of residual stresses and shrinkage, thereby

improving its capability to simulate mechanical behav-
ior post-sintering. Machine learning-assisted surrogate
modeling could also be integrated with the FEA results to
accelerate parameter space exploration and further support
predictive control in polymer SLS manufacturing.
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