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Abstract: Selective laser sintering (SLS) is a powder bed fusion technology that uses a laser source to
melt selected regions of a polymer powder bed based on 3D model data. Components with complex
geometry are then obtained using a layer-by-layer strategy. This additive manufacturing technology
is a very complex process in which various multiphysical phenomena and different mechanisms occur
and greatly influence both the quality and performance of printed parts. This review describes the
physical phenomena involved in the SLS process such as powder spreading, the interaction between
laser beam and powder bed, polymer melting, coalescence of fused powder and its densification,
and polymer crystallization. Moreover, the main characterization approaches that can be useful to
investigate the starting material properties are reported and discussed.

Keywords: selective laser sintering; polymers; additive manufacturing

1. Introduction

Powder bed fusion (PBF) processes are a widely adopted family of additive manu-
facturing (AM) technologies capable of producing three-dimensional (3D) parts showing
unprecedented geometric complexity and good mechanical properties. These processes
are based on a layer-by-layer deposition of powder particles; a laser beam is then applied
to melt the powder in a locally restricted area of the current layer according to a digitally
programmed design. Due to its build accuracy, high productivity for customized and
complex-shaped objects, and good mechanical properties, selective laser sintering (SLS)
of plastics shows an excellent capability to manufacture end products for most industrial
applications. Polymer and composites parts with complex geometry can be fabricated with-
out the use of supports or molds, making SLS a cost-effective alternative to other additive
technologies (i.e., fused deposition modeling or stereolithography), or more conventional
ones such as injection molding [1]. These advantages have encouraged the use of SLS
in several contexts, from prototypes to the fabrication of spare parts and small series in
automotive and aerospace fields, to customized prosthesis for biomedical applications [1].
Production tooling such as sacrificial molds and patterns for investment casting of complex
metal parts has been also manufactured by using amorphous polymers such as polystyrene
(PrimeCast® powders from EOS Gmbh) and high-impact polystyrene [2,3]. In addition,
the growing adoption of polymer composites, mainly based on a polyamide 12 matrix
reinforced with carbon or glass fillers, has opened up new applications in which a light
weight and functionality are required [4,5].

The SLS process is essentially constituted of three main phases: the warm-up, build,
and cooling stages. A typical temperature profile for the SLS process is shown in Figure 1.
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Figure 1. Schematic representation of the temperature profile of a standard SLS process. Adapted
from [6].

In the warm-up stage (Figure 1A), the powder bed is preheated to a predefined
temperature, referred to as the powder bed temperature (T,), which is maintained during
the entire build process. The energy needed to reach this isothermal condition is usually
achieved through continuous IR lamp irradiation and/or resistance heaters. In the build
stage (Figure 1B), a new layer of powder is evenly spread onto the building platform by
the recoating system. A blade or a rotating roller is usually adopted in commercial SLS
machines, although noncontact powder-deposition systems based on vibratory nozzles or
patterning drums were studied for multimaterial fabrication of parts [7-9]. A CO, laser
placed above the building chamber locally adds the extra energy needed to selectively
melt the polymer grains on the surface of the powder bed along a “computer-controlled”
pattern by means of a scanning mirror. After laser exposure, the melted powders coalesce
at temperatures higher than the polymer melting point, and then slowly solidify upon
cooling to the bed temperature (T},), thus ensuring the bonding between adjacent particles.
The main driving force for particle coalescence is the viscous flow of the polymer melt
(which is determined by the temperature-dependent viscosity), while the solidification is
driven by the heat loss within the powder bed. These three sub-steps or “sub-processes”
of (1) powder recoating, (2) laser energy input or “powder melting”, and (3) material
consolidation occur during very short periods of time, between 35 s and 40 s depending on
the SLS machine [6,10]. These substeps are sequentially repeated until the part is finished.
Finally, in the cooling stage (Figure 1C), the sintered part, along with the entire build
chamber, is gradually and evenly cooled down under homogeneous conditions until room
temperature (T) is reached [11,12].

Nowadays, a progressive shift of AM technology from fabrication of prototypes to-
wards the production of end-use parts is taking place. Accordingly, the quality standards
have become more stringent, and the physical and mechanical properties of the printed
components have to meet in-service loading and operational requirements that are compa-
rable to those of parts obtained by traditional manufacturing [13]. Recent advancements
in SLS machines (e.g., improved laser and heating systems, uniform temperature distri-
bution in the build area) have increased the maturity of this technology, thus surpassing
some initial limitations [14]. However, further improvements are needed to achieve the
industrial specifications in terms of component functionality, printing accuracy, process
consistency, and reliability. For example, the residual porosity and the quality of the inter-
faces between adjacent layers (they are unavoidable in this process without affecting the
conventional ones) strongly influence the ductility and the anisotropic behaviour of the
printed parts [15,16]. Another issue concerns the thermal distortion, resulting in curling and
warping of fabricated parts [17]. Therefore, to obtain components that achieve industrial
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standards, the three previously mentioned SLS subprocesses and their interactions must be
further investigated.

In spite of the apparent simplicity of the SLS technique, the physical phenomena
involved in the process are various and complex: powder spreading, interaction between
the laser beam and powder bed, polymer melting, coalescence of fused powder and its
densification, polymer crystallization, and shrinkage. Furthermore, these phenomena span
over different scales of time and space. For example, considering the energy input supplied
by the laser or “melting” substep, several issues concerning how the laser interacts with
the powder bed, how the polymer melts, and how the thermophysical properties of the
melting pools change over time play a critical role in determining the density and the
microstructure of the final objects [15,18]. Furthermore, the quality of the sintered parts
is strongly affected by various process parameters and material-specific characteristics:
diameter of the laser beam, laser powder, scanning speed, hatching distance (i.e., spacing
between adjacent laser scans), layer thickness, powder spreading method (i.e., roller or
blade), bed temperature, type of polymer, powder size distribution, etc. [11,12].

This leads to the conclusion that polymer SLS is a very complex multiphysical process,
and different aspects need to be addressed for a thorough understanding of the transient
conditions of the powder grains and subsequent material consolidation. The present review
aims at describing the physical phenomena involved in the SLS process and the charac-
terization approaches useful to investigate the relevant material properties. Experimental
analysis, theoretical models, and process modeling are reviewed in order to give a global
view of the current knowledge of the technology, and to provide insights on the relation-
ship between powders properties, process physics, and final part structure. This review
could favor the adoption of improved processing strategies for existing thermoplastic
polymers to reduce process interruptions and defective parts (e.g., negative effects such as
warpage, curling, or porosity). Moreover, the discussion could also provide guidelines for
the expansion of the material palette for polymer SLS.

2. Selective Laser Sintering Process
As previously mentioned, different physical phenomena are involved during poly-
mer SLS component fabrication. These phenomena can be defined as a function of their
characteristic temporal regimes:
Laser motion and irradiation (10% ps);
Thermal diffusion (10> ms);
Polymer viscous flow and particle coalescence (101 s);
Powder spreading (1-10' s);
Solidification / crystallization (10! min).

Figure 2 schematically illustrates these mechanisms along with their timescale, the
properties of the polymer powders, and the process parameters that are highly significant
for the macroscopic characteristics of the sintered objects.

The solid filled and hollow shapes (arrows and rectangles) highlight the production
of a single layer and the fabrication of multiple-layer parts, respectively. The horizontal
timeline describes the evolution of a single layer that moves down in z-direction during
the running sintering process. The circle path illustrates what occurs when a powder layer
is deposited and then the laser is applied; these steps are repeated layer-by-layer until the
end of the printing job. This scheme also outlines the relationship between the physical
phenomena involved in polymer SLS, the properties of the raw materials, and process
parameters. [19,20]. The latter take into account the properties of the laser source, the laser
energy input, and other machine-specific characteristics such as the heating system of the
build chamber and the recoating mechanism employed. The starting powders suitable
to be processed by SLS need to be characterized in terms of optical, thermal, rheological,
and physical properties. A detailed investigation of the SLS process by considering the
influence of different parameters can be useful to obtain preliminary selection criteria for
the evaluation of a new material.
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Figure 2. Timescale of the different physical phenomena involved in the SLS process, powder
requirements for effective sintering, and relevant process parameters.

2.1. Powder Spreading (1-10" s)

The rapid evolution of powder bed fusion technologies and the increasing applications
at industrial scale make necessary both the development of powdered materials suitable to
be processed with this technology, and the optimization of manufacturing process. Most of
the literature is focused on the investigation of process parameters to fabricate full dense
parts showing good mechanical properties, or on the investigation of the effect of building
orientation on the mechanical performance of components [11,12,16,21]. However, many
authors recognized the importance of the quality of the raw material used in polymer
powder bed fusion techniques [22-25]. Raw material quality greatly influences the powder-
spreading process and, as a consequence, the quality of each deposited layer. In addition,
Gibson et al. [26] presented evidence that the properties of the starting powder material
strongly affected the mechanical properties of sintered parts when the process parameters
were optimized.

A full understanding of the physical characteristics of powders in combination with
their flow behavior is therefore fundamental to obtain high-quality components with de-
sired and reproducible properties. Moreover, a preliminary evaluation of the relationship
between the characteristics of polymer-based raw materials and the properties of resultant
parts can help in making an informed choice of starting powders, whether they are com-
mercial materials offered by different providers or new SLS powder systems developed for
research purposes.

During the SLS process, the polymer powder is spread layer-by-layer by a blade or a
roller that deposits a fixed amount of powder, theoretically without applying any external
pressure. According to Wang et al. [27], the powder-spreading step is very important
because it greatly influences the powder layer quality in term of density and homogeneity;
moreover, the deposition method determines the possible forces exerted on the underlying
solidified part. One of the main factors that must be considered when investigating the
powder-spreading process is the geometry of the spreader. Generally, two types of recoater
systems are used, a roller or a blade. Haeri et al. [28] reported that the use of a roller
was more advisable with respect to that of a blade, because the former could produce a
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higher-quality powder layer. This was due to the fact that the roller showed a higher contact
area, favoring a progressive rearrangement of particles during the spreading step. On the
contrary, the blade exhibited a limited interaction with the particles, and a dragging effect
occurred, leading to a rougher powder layer. Based on these considerations, Haeri [29]
demonstrated that an optimization of the geometry of the blade profile in terms of width,
height, and shape could significantly improve the powder bed quality.

Wang et al. [30] also compared systems with a roller and a blade; they found that the
former allowed them to obtain a high-quality bed layer.

In addition to the use of a proper recoater, the quality of the deposited layer is strongly
dependent on additional factors such as the dynamics of the powder. The understanding
of how the powder interacts with the spreader and how the morphology of the powder
pile changes during the recoater movement are critical issues that need to be investi-
gated. However, the experimental evaluation of these dynamics is quite difficult. Some
researchers [31,32] simulated the movement of powder particles during the spreading
step by using a discrete element method (DEM). One of the properties that is generally
used as an indicator for evaluating the powder behavior during spreading process is the
powder flowability. Theoretically, any polymeric material that is available in powder form
can be processed by selective laser sintering, if subjected by the laser beam to an incident
power density suitable for sintering [1]. In practice, however, the properties of starting
powders such as the flowability strongly influence the successful processing of materials.
The powder flowability is defined as the ability of a material in the form of particles to
flow in a desired manner when used in specific equipment [33]. Increase powder fluidity
enables spreading of layers that are smoother, tighter, and more homogeneous.

Prescott and Barnum [33] underlined the difference between “powder flow properties”
and “powder flowability”. The former refers to the existing interactions between the
powder particles, which greatly influence the flow behavior. On the other hand, the
flowability describes the flow behavior of a powder when used in specific equipment. This
implies that the same material can show a different behavior as a function of different
flow equipment used. For this reason, it is fundamental to characterize the powder flow
properties under test conditions as similar as possible to those of the selected process.

Barletta et al. [34] distinguished three main methods to characterize the flowability of
powders: static, dynamic, and defined consolidation.

Static methods such as the evaluation of Hausner ratio or the angle of repose determine
the flow behavior of powder in static conditions. On the contrary, when the measurement
setup (such as a powder rheometer) induces the powder flow, the characterization method
is referred to as a dynamic method. Conclusively, the defined consolidation methods
involve two main steps, including a first consolidation step followed by a shear step.

Ahmed et al. [35] provided evidence of the importance of evaluating the spreadability
of a powdered system, in addition to its flowability. The two issues are inter-related, but
different: in fact, the spreadability is a feature that allows the powder to be homogeneously
distributed, forming a thin layer with a thickness up to a few particle diameters. A
good spreadability implies that a continuous, defect-free, and uniform powder layer can
be obtained. The proposed method used a Stanton cutter blade with different gaps to
manually spread the powder layer. This latter was then analyzed by SEM to check its
uniformity and the possible presence of defects. The main advantage in using this approach
based on the preliminary analysis of the powder bed quality, was to verify the possible
presence of small holes or agglomerates in specific spreading conditions.

Given the importance of powder flowability and the quality of the powder bed in
PBF process, many authors investigated different factors that influence the homogene-
ity of the deposited layers, both by using experimental techniques [34-38] and mod-
elling/simulations [28,39-45]. However, the evaluation of powder flow properties is
quite complex, because it depends on many powder characteristics. It is worth noting that
when polymer powders were mixed with different types of reinforcements such as fibers,
graphene nanoplatelets, or carbon nanotubes, the evaluation of the system flow behavior
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was more complex [46-48]. In this paper, a definition of parameters that influence the
powder flowability and their role in the SLS process is reported and discussed.

2.1.1. Particle Size Distribution and Shape

The characterization of an SLS starting powder in terms of the determination of the
particle size distribution (PSD) and the analysis of its shape constitutes a standard practice.
Both these factors have shown a crucial role in the flowability of starting material: particles,
which should have a geometry that allows a free flow when the recoater spreads them to
form a thin layer; at the same time, these particles should present the proper size to be
easily melted when the laser beam is applied.

The availability of polymer materials in powder form that show a particle size distribu-
tion and shape and that are suitable for the selective laser sintering process is still limited.

The characterization of particle shape is generally performed by analysis of images
that can be obtained using an optical microscope, scanning electron microscope, or X-ray
microtomography. Different production processes can generate powder particles mainly
showing three different shapes [20,24], as depicted in Figure 3. Spherical particles (Figure 3a)
come from a coextrusion of a mixture of soluble and nonsoluble materials. The so-called
“potato-shaped” particles (Figure 3b) are produced through a precipitation process; this
configuration is the most common for PA12, the most widely used commercial material for
SLS. Differently from the previous cited shapes, cryogenically milled particles (Figure 3c)
show a random and very irregular geometry.

100 pm 100 pm e % 100 um
spherical particles potato shape particles  cryogenic milled particles
(@) (b) (0)

Figure 3. Particle shapes obtained by different production methods: (a) spherical, (b) potato-shaped,
and (c) cryogenically milled particles. Reproduced with permission from [20].

It is commonly accepted by the scientific community that spherical particles are the
most suitable for the SLS process because they lead to maximizing the powder bed density
and flowability [1].

Van den Eynde et al. [49] compared the quality of powder layers resulting from the
deposition of three powders with different geometries: the very common commercial
PA12 material showing a potato shape (the average size was 60 um), polystyrene (PS)
monodisperse spherical particles with different diameter, and cryogenically milled ther-
moplastic polyurethane (TPU) powders showing a very irregular particle size and shape.
The experimental procedure involved the determination of various parameters such as the
packing density (the ratio of tapped density and polymer material density), the packing
ratio (which provides an index of powder flow), and quality of the deposited layer. The
results showed that both PA12 and PS powders formed defect-free layers; on the contrary,
the TPU layer was not continuous, showing many defects. Moreover, a comparison of the
packing density showed that the spherical PS powder allowed the researchers to obtain
higher values with respect to potato-shaped PA12 material.

Berretta et al. [50], who investigated the effects of particle morphology on the flowabil-
ity of different polymer powders, evidenced that angular particles, as well as particles with
irregularities and flakes on the surface, led to a final component with high porosity.

In order to maximize the powder bed density and obtain fully dense components, a
suitable size distribution is required, in addition to a spherical shape [51].
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Selective laser sintering generally involves the deposition of a powder layer with a
thickness of about 100-150 um [1]. Berretta et al. [52] reported that, to be sure that the
powder melting occurred thanks to the direct interaction between the laser beam and the
particles, rather than as a consequence of particle-to-particle heat conduction, the layer
thickness should be with respect to the average size of the particles. However, the literature
evidences some differences regarding the optimal particle size distribution reported by
different researchers.

According to Wang et al. [53], the optimum particle size for powders to be processed
by SLS was in the range between 45 um and 90 um, with a narrow size distribution. It is
worth noting that particles with different size showed a different behavior during laser
sintering: larger particles melted slower with respect to smaller ones. Differently, Chung
et al. [54] affirmed that particles with a size in the range of 10 um to 150 um were preferred
for SLS, because the PSD needed to be slightly smaller with respect to the layer thickness.
Moreover, when using a powder with a wide size distribution, the optimization of process
parameters required particular attention [51].

The optimal dimensional range was slightly different according to Schmid et al. [24];
their study reported that commercial powders to be processed by SLS needed to have
a PSD in the range of 20 um to 80 um. However, the definition of a dimensional range
was not sufficient to determine the processability of powders: the study compared two
powders with similar volume distributions, but dissimilar number distributions (that is, a
distribution in which the small particles had the same weight as the largest ones). Powder
systems showing too high a fraction of small particles exhibited low flow properties.

Shi et al. [55], who investigated the effect of different powder materials’ properties
on the quality of SLS parts, reported an inverse relationship between the particle size and
the density of built components. In fact, particles larger than 100 um led to a “step effect”
and a low-density final component. On the other hand, when smaller particles were used,
the flowability decreased, making the spreading step difficult. Therefore, the showed
results evidenced that particles with a size ranging between 75 um and 100 um allowed the
researchers to obtain high-precision and dense parts.

2.1.2. Interparticle Forces

The selective laser sintering process involves the use of a blade or a roller that homo-
geneously spreads the starting powders. The formation of the layer is mainly influenced
by the tendency of particles to rearrange and pack together to form a configuration that
is as uniform and as dense as possible using their own weight as the main driving force.
Gravity is the main force that can hinder the particle—particle cohesive forces that are
possibly present in SLS systems [56]. However, according to Tayeb et al. [57], the role of
these cohesive forces did not significantly influence the packing ability of the powders.

Therefore, the ability of a particle to flow is strongly dependent on the relative contri-
bution of interparticle forces and particle weight, respectively.

Ruggi et al. [34] proposed an experimental procedure to firstly evaluate the interpar-
ticle forces from the flow properties, and then to determine the Bond number, which is
the ratio between the interparticle forces for a nonconsolidated material and the particle
weight. The results revealed that a Bond number lower that 100 was necessary to obtain a
good-quality powder bed after the recoater passage.

Another experimental approach involved the determination of the Hamaker constant,
a force parameter used for the evaluation of interparticle interactions while taking into
account the physical and chemical nature of the powder materials under investigation [58].
When considering the interaction between two spherical particles, the smaller the Hamaker
constant is, the weaker the Van der Waals’ forces should be, allowing for the free flow of
particles. Berretta et al. [52] compared the flow behavior of two commercial SLS grade pow-
ders, PA2200 and HP3 PEK. The former was constituted of spherical or slightly elongated
particles, while the latter contained particles that were not round. The results showed that
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the PA-based powders had the lowest Hamaker constant and better flow behavior with
respect to the HP3 PEK system.

The evaluation of interparticle forces involved during the SLS process is more complex
when a powder bed formed by nanoparticles is considered; in fact, at the nanoscale level,
the interactions between particles are dominated by cohesive forces [59]. These can cause
the formation of agglomerates that reduce the packing density, and result in the formation
of porosity in the final component [56].

2.1.3. Temperature and Humidity

During the SLS process, the powder bed is heated at a fixed temperature, usually in a
range between the crystallization and melting points, in order to reduce the development
of stresses in the built samples. Therefore, the flow properties should be evaluated not only
at ambient temperature, when the spreading of homogeneous layer is fundamental, but in
effective process conditions as well.

Amado et al. [60] used a modified rotating drum covered with a transparent glass in
the inner side to record the powder behavior. Since the system was equipped with a heated
cylinder, the study was able to investigate the influence of the temperature on the flowa-
bility of two commercial semicrystalline powders: PA12 and random co-polypropylene
were studied from room temperature to 110 °C and 60 °C. The results showed that at
temperatures higher than the glass transition point, there was a reduction in the surface
fractal (a parameter describing the powder rearrangement); this may have indicated an
increasing flowability, in addition to a homogeneous powder-packing deposition.

The strong influence of temperature on the powder flowability was also confirmed by
Van den Eynde et al. [49]; they built a set-up that reproduced the spreading step involved
during the SLS process. This equipment allowed them to evaluate the flowability through
the ratio between the deposited layer density and the tap density, namely the packing index
ratio (PIR). The results showed a direct relationship between this index and the density
of the final component. It is worth noting that at temperatures above that of the glass
transition, an increase in PIR was observed.

Ruggi et al. [34] proposed an alternative method to evaluate the influence of the
temperature on the flow properties of powders. This defined consolidation method (see
Section 2.4) used a high-temperature annular shear cell to evaluate the flow properties of
a powder at temperatures close to those involved during the SLS process, in the range
of room temperature to 180 °C. The results showed that at a temperature of 100 °C, the
flow properties of the three investigated PA-based materials were optimized; this was in
agreement with what was reported by Amado et al. [60], who evidenced an increasing
flowability when temperatures higher than that of the glass transition were used. This was
mainly due to a low humidity that limited the development of adhesion forces between
the particles. When increasing the temperature to value very close to the melting point, a
significant deterioration of the flow properties was observed. In this operating condition,
the formation of capillary bridges and the plasticization of the contacts among particles
may have involved an increment of interparticle forces, which led to a worsening of the
flowability [61,62].

Berretta et al. [50] underlined the necessity of studying the effects of humidity on the
SLS process, because it is responsible for electrostatically charging the particles. When
the relative humidity is too high, particles generally charge negatively; on the other hand,
too low a humidity tends to positively charge coarse particle and negatively charge fine
particles. Optimal humidity conditions therefore need to be investigated.

2.2. Laser Motion and Irradiation (10° us)
2.2.1. Optical Properties of Polymeric Powders
The interaction between the laser beam and the polymer powder bed is the starting

point of the laser sintering process. In fact, the laser selectively delivers to the surface of
the powder bed a huge amount of energy in a very short time (a fraction of a second) to
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melt the polymer grains [63]. The beam-matter interaction strongly depends on the laser
wavelength, the chemical composition of the polymeric powders, and the particle size
distribution. All these aspects define the material optical properties.

LS machines typically use CO, lasers, which have a wavelength of 10.6 um, because
polymers show high absorption rates at long wavelengths. The midinfrared CO; source
excites the resonant vibrational modes (e.g., elongation or bending oscillations) of different
segments of the polymer macromolecule, which are transformed into heat energy. Therefore,
polymer powders can be considered as semitransparent materials due their chemical nature
and granular state [64,65]. In fact, the supplied laser intensity is absorbed, transmitted,
and diffused with multiple scattering inside the granular media, which has a size close to
the laser wavelength [66]. The absorption characteristic of the polymeric powders at the
specific laser wavelength adopted (known as absorptance), as well as the attenuation of the
laser energy in the depth direction of the powder bed (known as the attenuation coefficient),
are highly relevant in a successful sintering process. In fact, these properties affect the
conversion of the optical energy delivered by the laser into heat energy, the penetration
depth of the beam, and thus the dimensions of the melted zones [11,15,67].

Infrared spectroscopy (IR), such as Fourier-transform infrared spectroscopy (FTIR),
was employed by different authors to assess polymer absorption characteristics [68-71].
These techniques provided valuable qualitative information on the absorption or reflection
spectra of materials. However, the main disadvantage was the difficulty of quantitative
analyses. In fact, IR experiments highly differ from SLS processing conditions (i.e., nature
of the infrared source, sample preparation methods, temperature), and cannot describe the
complex interaction between the laser beam and the powder material.

Experimental methods specifically designed for measuring laser absorptance, along
with modeling efforts, are required to provide more insight on the beam-powder interaction.
These methods can be divided into two groups [72]:

e  The calorimetry method, which directly measures the absorptance from the tempera-
ture variations developed across a thin sample irradiated on the top surface;

e  Theradiometric method, which indirectly determines absorptance through the analysis
of optical radiative properties such as reflectance and emissivity.

For opaque materials such as polymers, reflectance-based techniques provide an
effective way to determine the material absorptance behavior.

Tolochko et al. [73] performed first measurements of the spectral reflectance and
absorptance of laser sintering materials using an integration sphere (also known as an
Ulbricht sphere) laser reflectometer. The instrument was equipped with both a pulsed
Nd-YAG laser and a continuous-wave CO; laser in order to study the optical properties
of the powders at wavelengths of 1.06 pum and 10.6 um, respectively. Different polymer
powders, such as polymethylacrylate (PMMA), polytetrafluoroethylene (PTFE) and an
epoxypolyether-based polymer, were analyzed. The results showed that the optical proper-
ties of all polymers strongly depended on the wavelength, with high absorptance values
(between 0.73 and 0.94) at 10.6 um, and very high reflectance (more than 0.90) at a wave-
length of 1.06 um. This behavior was explained by the different absorption mechanism
of the polymers in different spectral regions. Moreover, the study demonstrated that a
material displayed a much higher absorptance in its powder form compared to its bulk
form. In fact, multiple reflections occurred in the voids between powder particles. These
events resulted in a higher amount of radiation—particle interaction, and thus additional
absorption, compared to dense materials.

Laumer et al. [74] specifically designed an experimental set-up to investigate the
optical material properties of polymer powders for SLS. The set-up was based on a double
integration sphere that allowed the researchers to simultaneously measure the diffuse and
direct reflectance, as well as the transmittance, of polymer powders for a CO; laser source.
The results showed that polyamide 12 (PA12) powders reflected only 5-6% of the incoming
laser energy at the bed surface, yielding an absorption coefficient of 0.94. In contrast,
the reflectance of polyethylene (PE) powder was significantly higher (30%). A detailed



Materials 2022, 15, 183

10 of 37

explanation model that took into account the optical properties of the bulk polymer and
the multiple reflections within the powder bed was proposed to explain this difference
(Figure 4).
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Figure 4. Graphical representation of the interaction of the laser beam with the powder bed, with
multiple reflection/absorption events. Reproduced with permission from [75].

The laser interacts with the powders in three ways: (1) reflection, (2) absorption,
and (3) transmission. The net effect of these components is complex, as only part of the
incident beam is absorbed at the outer surface. The other rays are repeatedly reflected
due to the particle character of the powder bed. The reflected rays either propagate freely
towards the surface or interact with other powder particles in their way. The portion
of radiation that is absorbed and transmitted through a single particle depends on the
absorption behavior of the polymer material itself. The absorption is determined by the
distinct vibration oscillation of the polymer molecules. PA12 shows a strong absorptance
at 10.6 um due to the stretching vibration between the OC-C groups, as highlighted
by IR measurements. In contrast, a weak rocking vibration of the methylene groups is
responsible for the low absorptance of polyethylene at the same wavelength. Therefore,
the different macromolecular structures of polyamide and polyethylene lead to different
absorption/reflection behaviors of the powders.

Using this measurement approach, Laumer et al. [76] developed and qualified a PE
powder for laser sintering by adding 1 wt. % of graphite. The graphite particles strongly
absorbed the laser radiation, thus decreasing the reflectance of the PE powder bed from 30%
to 10%. Multilayer parts with good interlayer bonding were produced with laser energy
densities comparable to PA12, which is not possible without the addition of graphite.

In another work, Heinl et al. [77] investigated the influence of the temperature on the
interaction between CO; laser radiation and polyamide 12 powders. The integration sphere
set-up, which was described in a previous work by the same research group [74], was
updated with a heated process chamber to measure the optical properties of the powders
in a temperature range relevant for SLS (60-190 °C) (Figure 5a). The results showed that
the transmittance and the absorptance significantly changed depending on temperature
due to the melting of the powder bed, while the reflectance remained almost constant (4%)
(Figure 5b).
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Figure 5. (a) Scheme of the integration-sphere measurement setup with a heated process chamber;
(b) temperature-dependent optical properties of PA12 powder during CO, laser exposure (layer
thickness = 150 um, laser wavelength = 10.6 pm). The heating and cooling cycle are outlined by
arrows in all recorded curves. The dashed line at 182 °C corresponds to the PA12 powder’s melting
temperature. Reproduced with permission from [77]; adaptation in (b).

This behavior proves that the phase transitions of the polymer were responsible
for these variations. In fact, the occurrence of melting led to fewer reflections between
particles and lower scattering of the radiation on polyamide crystallites. Consequently, the
transmittance increased from the initial value (16%) up to 35-40% after the melting point.
During cooling, the melt solidified, and the orientation of the grown crystals produced
an almost constant transmittance. Accordingly, the absorption was higher for the powder
bed (80%) compared to the molten and solidified layer (61%) (Figure 5b). Furthermore,
the authors studied the interaction of a short-wave radiation with the powders in order to
provide insights on the development of an improved in situ optical monitoring system for
AM technologies [77].

Schuffenhauer et al. [78] systematically investigated the scattering processes that
occurred during SLS part fabrication between the incident CO; laser beam and the poly-
meric powder bed. For this purpose, the double integration sphere set-up described by
Laumer et al. [74] was adapted to collect both the unscattered and diffuse transmissions
through polyamide 12 powders or thin films. Instead of sodium chloride, a barium fluoride
(BaF,) infrared window was used, due to its higher transmittance and stability against
humidity. The results showed that the transmitted power in a powder bed mainly consisted
of diffuse radiation due to the multiple scattering between particle-environment interfaces.
As a result, the penetration depth of the laser radiation was lowered, and the absorption
occurred near the bed surface to the greatest extent. An increase in the absorptance as a
function of layer thickness (from 60% at 150 pm to 90% at 300 um) was also reported, in
accordance with previous results [77]. Moreover, the scattering mechanism inside thin
films that are were with different cooling rate was also analyzed. It was proved that the
different sizes of spherulites, and thus the number of crystalline/amorphous interfaces
between slowly cooled and air-quenched samples, strongly influenced the optical mate-
rial properties. Higher transmittance was measured in films slowly cooled at 20 °C/min,
approximately the average cooling rate reported for SLS of polyamide 12 parts [10].

The influence of multiple reflection and scattering, illustrated in Figure 4, on the
absorption behavior of powdered material was validated for a metallic powder bed by
Kruth et al. [63] using a 2D ray-tracing simulation model. The model allowed an accurate
calculation of the laser beam penetration and the absorption profile along the powder
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bed depth. In fact, the path of most rays (representing the photons emitted by the laser)
into the powder bed could be simulated by considering the reflection and refraction at
the particle-atmosphere interface and the absorption inside a single particle. When a
photon hit a powder particle, the amount of reflected, absorbed, and transmitted energy
was calculated, and two new rays (reflected and refracted) were cast. These rays could
propagate into the pores of the powder bed or hit another particle, causing new absorption,
reflection, and refraction events.

Therefore, unlike in continuum-based models, the relevant transparency of granular
materials was taken into account. These results proved that the laser-powder interaction
in SLS involved complex phenomena that occurred not only at the outer surface, but also
through the volume of the powder bed (Figure 4) [15,65].

A similar model was developed by Osmanlic et al. [79] to examine the absorption
characteristic and the attenuation properties of a thermoplastic polymer powder for SLS.
The model traced the path of laser-emitted rays within a powder bed by analyzing the
reflection and refraction at the particle-atmosphere interface and the absorption according
to the Beer-Lambert attenuation law:

I=Tpe ™ (1)

where ]y is the initial beam intensity (or heat flux), « is the attenuation coefficient for
a certain wavelength, and x is the radiation path. The attenuation coefficient of PA12
was determined through infrared spectroscopy experiments performed on thin foils with
different thicknesses. The relative transmission at a wavelength of 10.6 pm (corresponding
to a wave number of 943 cm~!) was measured on 33 specimens, and an attenuation
coefficient of 0.013 um~! was obtained (Figure 6b). The attenuation coefficient is the
inverse of the optical penetration depth (OPD), which is defined as the depth where the
transmitted intensity of the laser beam decreases at 1/e (37%) of the intensity of the incident
radiation at the sample surface [66]. The model is graphically depicted in Figure 6a for
a single ray to highlight the complex interaction between a photon and the powder bed.
A good agreement between the simulation and previous experimental results [74] for
reflectance and transmittance as a function of powder layer thickness was found (Figure 6c).
Furthermore, the model suggested that the effective penetration depth in a powder bed
could be lower compared to the bulk polymer because it was highly affected by the porous
nature of the powder medium (i.e., relative powder bed density) and the multiple reflections
through the powder layers.
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Figure 6. (a) Ray-tracing model describing the propagation of a photon through the powder bed;
(b) relative transmission in PA12 thin foils as function of thickness; (c¢) comparison between the
simulation results and experimental data for the relative transmission and reflection of a PA12
powder bed. Adapted from [79].

The role of scattering on the interaction between laser and polymeric powders was
further highlighted by Xin et al. [65]. The authors developed a ray-tracing model that
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was modified using the Monte Carlo method and the Mie scattering theory to simulate
the radiative heat transfer due to localized heating of a granular media (i.e., metallic or
polymeric powder bed) by a focused laser beam. The study accurately described the photon
scattering and its influence on the radiative energy distribution within a polymeric powder
bed. Without considering the scattering phenomena, all photons propagated longitudinally
along the laser beam area, as depicted in Figure 7a. However, during the SLS process,
photons randomly changed their propagation direction due to multiple reflections and
scattering inside the powder bed. This led to two physical consequences that significantly
affected the powder melting: the distribution area of photons was larger with respect to the
laser beam diameter (Figure 7a); most of the absorbed laser intensity is concentrated close to
the surface (Figure 7b), and the 2D spatial distribution of photons became gradually smaller
with increasing depth. Therefore, the melted zone was larger at the surface compared with
the bottom part of a layer.
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Figure 7. Simulation results of photon propagation inside a polymeric powder bed: (a) radiative

model without scattering (the laser was considered a volumetric heat source, as proposed by De-
fauchy [80]); (b) Monte Carlo method with scattering. Reproduced with permission from [81].

Experimental studies of the laser penetration depth in a polymeric powder bed were
firstly performed by Fan et al. [82] on the commercial TrueForm™ (TF) powder (acrylic—
styrene copolymer). For this purpose, a device was specifically designed to measure the
transmitted CO; laser energy through powder layers with variable thickne