
KONA Powder and Particle Journal No. 41 (2024) 26–41/https://doi.org/10.14356/kona.2024012 Review Paper

26
Copyright © 2024 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open 
access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).

Role of Powder Properties and Flowability in Polymer Selective 
Laser Sintering—A Review †

Xi Guo and Brij M. Moudgil *
Department of Materials Science and Engineering, Center for Particulate and Surfactant Systems (CPaSS), University of Florida, USA

Polymer selective laser sintering (SLS) is an additive manufacturing 
technology that involves the melting of a selected area of particles on 
the powder bed. A 3D component is then printed using layer-by-layer 
sintering of the powder bed. SLS is considered one of the most 
promising technologies applicable to a variety of applications, 
particularly for manufacturing customized design products with high 
geometric complexity, such as patient-specific designed implants, 
surgical tools. Currently, only a small number of polymers are available 
that are suitable for SLS due to the complex multiple physical 
phenomena involved. Therefore, it is critical to develop new materials 
in order to fully realize the potential of SLS technology for 
manufacturing value-added customized products. For a given material, 
the quality of powder spreading in SLS plays a key role in printing 
performance and is a precondition for new material development. The 
aim of this review is to (1) present flowability characterization methods 
suitable for SLS, (2) examine the influence of powder properties and flowability on laser–material interaction and the quality of the final 
part, and (3) discuss the methods adopted in the literature to improve the quality of powder spreading.
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1. Introduction
Additive manufacturing (AM) is a group of solid

freeform fabrication methods used to build 3D objects 
layer by layer based on computer-aided design files. The 
layer-by-layer building process, which is the opposite of 
traditional subtractive manufacturing, enables additive 
manufacturing to create highly complex structures. AM 
was introduced in the late 1980s (Ligon et al., 2017), pri-
marily for building complex structure prototypes. With the 
development of technology, AM nowadays is capable of 
building products with various materials (polymers, met-
als, ceramics), processing desired properties and shapes.

The fundamental principle of AM process is to form 
parts by joining materials together. In polymer additive 
manufacturing, this is achieved through thermal reaction or 
chemical reaction, or both. Current processes in polymer 
AM include material extrusion, material jetting, powder 
bed fusion, binder jetting, vat photopolymerization, and 
sheet lamination (ISO/ASTM, 2021). In selective laser 
sintering (SLS), a laser is used to selectively melt or fuse 
particles in the powder bed, layer by layer. SLS is one of 

the most widely used AM technologies due to its high level 
of accuracy, high productivity in manufacturing complex 
structures, and good mechanical properties (Kruth et al., 
1998; Lupone et al., 2022).

To address the unmet needs in various industries, re-
searchers have investigated the processability of several 
polymers including Polyamides (PA) (Beitz et al., 2019; 
Benedetti et al., 2019; Berretta et al., 2014; Drummer et al., 
2010; Soe, 2012; Starr et al., 2011; Vasquez et al., 2011, 
2014), Polypropylene (Ituarte et al., 2018; Kleijnen et al., 
2016, 2017; Tan et al., 2021; Wegner, 2016; Zhu et al., 
2016), Polyetheretherketone (PEEK) (Benedetti et al., 
2019; Berretta et al., 2014, 2016), Polyethylene (Drummer 
et al., 2010), Polyoxymethylene (Drummer et al., 2010), 
Poly-butylene terephthalate (Schmidt et al., 2016), Poly- 
ε-caprolactone (Williams et al., 2005), Polystyrene (Yan et 
al., 2011), Thermoplastic polyurethanes (Dadbakhsh et al., 
2016; Vasquez et al., 2014; Verbelen et al., 2017; Yuan et 
al., 2017), Thermoplastic elastomers (Vasquez et al., 2014), 
etc. However, it is worth noting that the SLS process cur-
rently has a limited number of commercially available 
polymers. PA-related materials account for over 95 % of 
the market (Goodridge and Ziegelmeier, 2017; Stansbury 
and Idacavage, 2016). Semi-crystalline polymers such as 
Polyamide 12 (PA12) are the material of choice in SLS for 
the following reasons, (1) sharp melting peak to ensure 
homogeneous melting, (2) large melting temperature (Tm) 
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to degradation temperature (Td) window to enable full 
melting, (3) a rapid viscosity drop once the crystalline re-
gion disappears enabling rapid particle coalescence 
(Drummer et al., 2010). The limited material option is a 
result of the high powder production cost, lower final part 
mechanical properties, and dimensional accuracy com-
pared to the traditional manufacturing processes.

The physical phenomena involved in SLS include parti-
cle spreading and deposition, laser material interaction, 
polymer melting and coalescence, and polymer crystalliza-
tion. Each phenomenon spans different time scales and has 
a significant impact on the final product properties 
(Bierwisch et al., 2021; Lupone et al., 2022). An in-depth 
understanding of these phenomena is the key to improving 
the final part properties and expanding the suitability of 
commercial powders for SLS applications.

A SLS process schematic and a process temperature 
profile are depicted in Fig. 1. The process temperature 
profile is embedded in a semi-crystalline polymer differen-
tial scanning calorimetry (DSC) graph to provide a better 
understanding of polymer heating and cooling behavior 
during SLS.

The SLS process initiates with a preheating step. An in-
ert gas is continuously purged into the printing chamber 
from this step and throughout the entire printing process. 
As shown in Fig. 1 diagram A, the polymer powder on the 
powder bed is preheated to a temperature below the poly-
mer’s Tm. This temperature is defined as the printing tem-
perature. The preheating step holds significant importance 
for several reasons: (1) it stabilizes the temperature of the 
entire instrument, (2) it minimizes the energy required for 
melting the polymer in the target area, (3) it reduces the 
temperature gradient between the melt area and the cham-
ber air to prevent curling (Soe, 2012). It should be noted 
that during the preheating stage, since the bed temperature 

is close to the onset of melting temperature, the unmelted 
powder may undergo physical and chemical changes after 
printing (Goodridge et al., 2010; Kuehnlein et al., 2010) 
and could reduce its reusability. The thermal properties and 
flowability of the polymer play essential roles in the pre-
heating phase (Berretta et al., 2014; Drummer et al., 2010; 
Tan et al., 2021; Verbelen et al., 2017).

The second phase is laser scanning (B in Fig. 1). Laser 
scanning of the target area starts once the preheating tem-
perature is stabilized. CO2 laser (10600 nm wavelength) is 
the most common laser used in polymer SLS systems be-
cause of its high absorptance and low penetration depth in 
the polymer (Jones, 2013). When the polymer molecular 
structure interacts with the laser beam, which typically has 
a size of 500 μm for a CO2 laser, heat is generated due to 
the vibration of the polymer’s molecular structure. The 
generated heat raises the temperature above the melting 
point, but below the Td, as illustrated by point 2 in Fig. 1. 
Upon heating, the polymer particles melt, resulting in vis-
cous flow and coalescence. After laser scanning, the molten 
area rapidly cools down to the printing temperature (point 
3 in Fig. 1) (Greiner et al., 2019). Once the layer scanning 
is completed, the printing bed will move down one layer 
and a new layer of powder is deposited on the printing bed 
by a blade or roller. The laser scanning step is repeated 
until the designed part is fully printed (C in Fig. 1). During 
the preheating phase as well as the later phases where there 
is no polymer melting involved, powder deposition is pri-
marily governed by powder–powder interactions (A1 in 
Fig. 1). During the scanning phase, where there is polymer 
melt on the top layer, powder deposition is mainly gov-
erned by powder–polymer melt interactions (B1 in Fig. 1). 
Polymer flowability, optical properties, thermal properties, 
and rheology are the main factors that impact the laser 
scanning phase (Kruth et al., 2007; Laumer et al., 2016a; 
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Fig. 1 Polymer SLS process schematic.
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Verbelen et al., 2016, 2017; Vock et al., 2019a; Wudy et al., 
2015).

After the completion of a printing job, the entire ma-
chine, including the printed parts, undergoes a gradual 
cooling process until it reaches room temperature. The 
slow cooling process allows the polymer chains to form a 
crystalline structure (point 4 in Fig. 1). Polymer crystalli-
zation plays an essential role in this step (Drummer et al., 
2019; Goodridge and Ziegelmeier, 2017; Verbelen et al., 
2016).

Fig. 2 illustrates the interplay between operational pa-
rameters of the SLS process, particle properties and mate-
rial properties. Powder properties such as size, shape, size 
distribution, and surface roughness, not only determine its 
flowability but also affect the thermal and optical properties 
of the powder bed (Bierwisch et al., 2021; Myers et al., 
2015).

An in-depth understanding of powder flowability is es-
sential for designing a successful SLS material and product 
development scheme. However, due to the specific spread-
ing mechanism involved in SLS, it is challenging to di-
rectly apply existing knowledge from traditional particle 
science research to SLS systems. The present review aims 
to provide an overview of the role of powder properties, 
particle deposition, and flowability characteristics in de-
signing a successful SLS system. Experimental analysis, 
characterization methods, and computational modeling are 
reviewed to provide the current state of polymer powder 
research. Although it is challenging to establish compre-
hensive quantitative correlations between powder proper-
ties, powder deposition, process parameters, and final part 
properties, the review strives to enhance the understanding 

of the factors that influence the SLS powder deposition 
process and ultimately establish the science- 
based guidelines for new material development rather than 
the trial-and-error approaches currently practiced.

2. Flowability overview
In SLS, the powder bed packing density is directly 

linked to the achievable part density (Schmid et al., 2015). 
Despite some applications where porous parts are desired 
(Yan et al., 2017), the main objective of powder deposition 
in SLS is to transfer the powder from a feed container to the 
printing bed to form a homogenous and densely packed 
layer. Therefore, a good flowing powder is a necessary 
condition to constitute a suitable SLS material. Powder 
flow properties and flowability are commonly used to eval-
uate the suitability of a powder for SLS. Additionally, the 
newly deposited powder layer should exhibit uniform 
thickness. According to Prescott et al. (2000), powder flow 
properties are specific bulk characteristics and can be mea-
sured. Powder flow properties depend on the particle size 
distribution, particle shape, surface morphology, density, 
electrostatic charge, and environmental factors such as 
temperature and humidity. Powder flowability, on the other 
hand, refers to the ability of a powder to flow in a desired 
manner in a specific piece of equipment (Prescott and 
Barnum, 2000), and depends on powder flow properties, 
underlying surface layer morphology and spreading (re-
coating) mechanism. During recoating on top of the poly-
mer melt scenario, the melt viscosity and surface tension of 
the molten layer also impact the powder flowability.

From the force perspective, the flowability of SLS pow-
der is influenced by inter-particle forces and external forces 
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Fig. 2 Graphical representation of the relationships between material properties, printing parameters and final part properties.
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due to mechanical interlocking and layer recoating. Van der 
Waals force, electrostatic force, liquid bridge formation 
(capillary force), and gravity are the main inter-particle 
forces between spherical particles (Suzuki, 2019). The van 
der Waals forces are based on electric dipoles of atoms and 
molecules. Their magnitude depends on particle size, dis-
tance and surface characteristics/morphology (Schulze et 
al., 2008). Liquid bridge force is formed by the surface 
tension of the liquid between particles. Considering that the 
printing temperature of the majority of SLS semi- 
crystalline polymers is above 100 °C and inert gas is com-
monly used, the liquid bridge force can be neglected. 
Electrostatic forces are generated by different electric po-
tentials of particle surfaces (Schulze et al., 2008). Tri-
boelectric charging of polymer powder occurs when the 
polymer particles come into contact with materials of dif-
ferent dielectric constants (e.g., a metal component) 
(Tanoue et al., 1999). Due to their low conductivity, it is 
common practice to allow polymer powder to remain un-
disturbed for at least 12 hours before printing to reduce/
dissipate any electrostatic charge generated during powder 
preparation. However, triboelectric charging during pow-
der deposition is inevitable. Although the charge build-up 
between particles improves powder spreading by reducing 
the attractive van der Waals force and liquid bridge forces, 
it leads to low packing density (Hesse et al., 2019). Under-
standing the relationships between these different forces is 
critical to explaining some of the flowability issues encoun-
tered in SLS.

2.1 Flowability characterization
During the material development stage, powder flow-

ability needs to be characterized and optimized before 
printing. Although the flowability characterization may not 
represent the powder flow conditions in the SLS process 
because of the different force and flow mechanisms em-
ployed, it can still provide a good indication of the powder 
flow behavior. Table 1 gives an overview of the flowability 
characterization methods that have been used in polymer 
SLS research.

2.2 Flowability measurement techniques
The two most used methods are the angle of repose and 

Hausner ratio measurement techniques. Although different 
setups can be used to measure the angle of repose 
(Schwedes, 2003), the static angle of repose is widely used 
in SLS (Berretta et al., 2014; Montón Zarazaga et al., 2022; 
Tan et al., 2017). In the static angle of repose measure-
ments, powder freely flows through a funnel onto a plate. 
The angle between the developed pile and the plate is de-
fined as angle of repose (Spierings et al., 2016). A small 
angle of repose represents good flowability. The Hausner 
ratio is defined as the ratio between the tapped and loose 
bulk density of the powder. It describes powder compress-
ibility and flowability. Geldart et al. (2006) found a linear 
relationship between angle of repose and Hausner ratio. 
Although being widely used in SLS (Arai et al., 2017, 
2019; Chatham et al., 2019; Schmid et al., 2013; Wegner, 
2021; Ziegelmeier et al., 2015), the Hausner ratio was 
found to be inaccurate in predicting the flowability of 
high-density polyethylene composite and polypropylene 

Table 1 list of powder flowability characterization methods in polymer SLS.
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composite materials (Laumer et al., 2016b). Another 
method that is similar to Hausner ratio but less common in 
SLS is the Carr index(C) (Schmid et al., 2019), which is the 
Carr Compressibility as referenced in ASTM D6393 
(2021) and can be expressed as,
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Tapped Bulk Density 
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In addition to the Carr Compressibility, the measurement 
of Carr Angle of Repose is also described in the ASTM 
D6393 (2021) to test the flowability and floodability of 
bulk solids using Carr Indices method.

Tensile strength can also be used to measure SLS pow-
der flowability (Schmidt et al., 2014). This method requires 
a tensile tester and a smooth loose powder bed. The tensile 
testing head is coated with jelly. The test starts with the 
testing head in contact with the powder surface, the first 
layer of the powder in the container adheres to the jelly- 
coated testing head. When the powder container moves 
downward, the force between the stamped powder layer 
and the remaining powder is measured. The measured force 
is a combination of gravity and adhesion force between the 
powder particles. This method provides a good insight into 
the fundamental interparticle force relationship. However, 
it is limited in indicating a suitable powder flow behavior.

Shear testers are commonly used to evaluate the powder 
flowability under well-defined shear conditions. Powder 
rheological properties like cohesive strength and wall fric-
tion under shear can be measured in a shear tester to repre-
sent flowability. Ruggi et al. (2020a, 2020b) characterized 
SLS polymers with a modified high-temperature ring shear 
tester. Among different types of shear testers, ring shear 
testers not only provide homogeneous shear displacement 
(Schulze et al., 2008), but they also have the capability of 
low normal stress measurements (Vock et al., 2019b). Al-
though the force conditions in ring shear testers are closer 
to SLS printing conditions compared to other shear testers, 
the flow mechanism of the shear tester is different from that 
encountered in SLS (Schmidt et al., 2019). Another charac-
terization method involving shear stress is the powder rhe-
ometer. It measures the resistance of a powder to flow 
against an upward or downward rotating helix under differ-
ent consolidation conditions. Under specific consolidation 
and shear conditions, the powder rheometer and shear cell 
data correlate well with each other (Freeman, 2007).

More recently, the rotational revolution powder analyzer 
has become more popular (Amado et al., 2011; Amado 
Becker, 2016; Chatham et al., 2019; Sassaman et al., 2022). 
It consists of a transparent rotating drum and a camera that 
records the powder flow conditions in the drum. The 
Avalanche angle, which is the maximum angle of the pow-
der surface before an avalanche occurs, is considered one 

of the most important indices of the rotating powder. The 
flow of powder in this method is considered closer to SLS 
process conditions than the other techniques (Spierings et 
al., 2016). The high temperature measurement capability of 
this method can provide more insights into powder flow 
behaviors under SLS temperature conditions (Amado 
Becker, 2016).

To provide a direct assessment of the powder flowability, 
some researchers modified a film applicator into a powder 
spreader with a similar powder spreading mechanism as in 
SLS (Laumer et al., 2016b; Verbelen et al., 2016; Van den 
Eynde et al., 2015). A basic powder spreader enables visual 
observation of the spreading condition. Van den Eynde et 
al. (2015) set up a powder bed plate on a balance so that 
layer weight and packing density could be measured in situ 
to assess powder flowability. Furthermore, a powder 
spreader with high-temperature capability (up to 140 °C) 
was developed (Van den Eynde et al., 2017). This modifica-
tion not only facilitated the characterization of powder for 
recoating purposes but also allowed for the evaluation of 
melt surface recoating for low melting temperature poly-
mers.

2.3 Comparative features of various techniques
With the availability of various characterization meth-

ods, it is important to understand their relationships, advan-
tages, disadvantages, and differences. Ziegelmeier et al. 
(2013) compared cohesion, flowability and packing effi-
ciency of polymer powders with different characterization 
methods—rotational revolution powder analyzer, powder 
rheometer and the Hausner Ratio technique. Different par-
ticle size distributions of a cryogenically ground polyure-
thane powder and standard PA12 were used to study the 
effect of both particle size distributions and particle shape. 
The revolution powder analyzer showed the best reproduc-
ible and reliable results under all experimental conditions 
examined.

Krantz et al. (2009) investigated the relationship be-
tween different characterization techniques using two dif-
ferent formulations of powders with particle sizes ranging 
between 22 to 31 μm. Characterization methods included 
angle of repose, powder rheometer and revolution powder 
analyzer. A linear relationship between angle of repose and 
avalanche angle was discovered regardless of powder for-
mulation. This is because both techniques involve similar 
force conditions. Additionally, a linear relationship was 
discovered between angle of repose and cohesion (powder 
rheometer characterization index) for individual powder 
types. However, the trend line for different powders did not 
overlap because of the different forces encountered in the 
two techniques. The authors concluded that matching the 
measured and process force conditions is critical for reli-
able flowability characterization. Furthermore, they em-
phasized that utilizing multiple characterization techniques 
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provides a more comprehensive understanding of powder 
flowability compared to relying on a single technique 
alone.

The above discussion highlights that each flowability 
characterization technique focuses on examining powder 
flowability from a specific perspective related to a particu-
lar flow mechanism. The modified film applicator simu-
lates the SLS flow behavior; however, the setup is not 
easily accessible. Therefore, it is important to obtain a bet-
ter understanding of powder flowability by applying multi-
ple flowability characterization techniques during the new 
material development.

3. Role of powder properties
3.1 Particle size distribution (PSD)

To achieve high surface quality and printing accuracy, 
smaller particle sizes are theoretically preferred. However, 
for fine powders, van der Waals forces are significantly 
greater than gravity which causes powder agglomeration 
issues leading to nonuniformity of layer thickness, and 
particle packing inhomogeneity during flow (Krantz et al., 
2009). While polydisperse powders can benefit particle 
packing in free flow conditions (McGEARY, 1961), it is 
often limited by polymer powder production methods. 
From the laser material interactions perspective, a narrow 
PSD is preferred to obtain homogeneous melting (Berretta 
et al., 2014; Wegner, 2021). With the above considerations, 
a particle size range of 45 to 90 μm is usually preferred 
(Goodridge and Ziegelmeier, 2017), although some authors 
have reported this range to be from 20 to 80 μm (Schmid et 
al., 2015; Vock et al., 2019b).

Beitz et al. (2019) sieved PA12 into three grades: PA12 
Coarse (D50 = 56.80 μm), PA12 Original (D50 = 51.14 μm) 
and PA12 Fine (D50 = 46.03 μm). All grades had an identi-
cal level of PSD span, which is defined as (D90 − D10)/D50. 
The powders were characterized by Hausner ratio and used 
for laser printing under the same conditions. The three 
grades of PA12 showed no difference in either flowability 
or surface roughness of the printed parts. However, it is 
important to note that this conclusion should be considered 
valid only within the particle size range examined in this 
study. A larger difference in D50 could lead to different re-
sults.

As part of a flowability study by Van den Eynde et al. 
(2015), standard PA12 powder with a mass-median diame-
ter of 59 μm was compared with a smaller average particle 
size PA12 (around 42 μm). The PSD span of standard PA12 
(0.84) was higher than the smaller PA12 (0.58). A custom-
ized powder spreader setup that simulated the SLS spread-
ing process was used to characterize flowability. The 
smaller PA12 showed lower packing density. Compared to 
the results from Beitz et al., it is inferred that the span of 
PSD plays a vital role in flowability; with a similar PA12 
particle size in both studies, a smaller span could result in 

lower packing density.
It is noteworthy that the effect of PSD span has also been 

reported in a review primarily focusing on ceramic and 
metal powders (Vock et al., 2019b). With increasing PSD 
span, the printed part density and surface quality increased, 
but the mechanical properties decreased. This indicates that 
a higher PSD span improves particle packing and part 
density, however, it can lead to inhomogeneous melting 
and reduced mechanical properties. However, in a compar-
ison between two commercially available PA12 powders, 
Schmid et al. (2017) suggested that powder with a smaller 
span exhibits better flowability and high packing density. 
Even though the different inter-particle forces could lead to 
opposite results, more systematic studies are needed to 
improve the understanding of the flow mechanism during 
the polymer SLS process.

Multiple studies have been conducted to identify a suit-
able PSD for SLS. Ziegelmeier et al. (2015) compared the 
flowability and printability of thermoplastic polyurethane 
(TPU) and thermoplastic elastomer Duraform Flex (DF). 
Except for the original particle size fraction, two additional 
fractions were obtained by sieving out particles below 
25 μm or 45 μm. The overall packing density, flowability, 
printed part surface roughness, ultimate tensile strength 
and the elongation at break were found to be higher with a 
decreasing number of fine particles. It was concluded that 
the gravitational forces increase with particle size, resulting 
in reduced cohesiveness and improved flowability. Simi-
larly, Schmid et al. (2015) compared two powders with 
similar volume distribution but different number distribu-
tion. The powder with a significant number of small parti-
cles (below 20 μm) failed the processability testing due to 
a higher ratio of cohesion to gravity forces.

On the contrary, other researchers reported the benefits 
of small particles for powder flow. Verbelen et al. (2016) 
compared PA6, PA11 and PA12 from different manufactur-
ers with PA11 consisting of rough particles with sharp 
edges and a large fraction of smaller particles 
(D10 = 20.6 μm). Surprisingly, the rough PA11 had a higher 
packing density. One of the reasons the authors concluded 
was that the large fraction of smaller particles allowed 
more efficient packing at the given layer thickness. Al-
though no quantified values were reported, this study along 
with the previous two studies emphasized that a smaller 
number of fine particles in the distribution promotes pow-
der flow possibly due to the ball bearing effect, while an 
excess number of fine particles hinders flow due to agglom-
eration.

It should be noted that the PSD directly impacts the SLS 
printing results by changing the powder bed packing den-
sity. Indirectly, PSD changes the thermal and optical prop-
erties of the powder bed. The powder thermal conductivity 
is significantly lower than the bulk because of the high po-
rosity of powder beds (Gong et al., 2013). Sillani et al.  
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reported a positive linear relationship between packing 
density and thermal conductivity for several SLS polymer 
powders (Sillani et al., 2021). The porosity also changes 
powder optical properties which in turn affects the amount 
of heat energy generated by laser–material interaction. In 
an infrared spectroscopy study, quantitative infrared direc-
tional–hemispherical reflectance spectra were obtained us-
ing a commercial integrating sphere (Myers et al., 2015). 
The results suggested that the optical reflectivity drops with 
increased particle size for most wavelengths. With a higher 
optical reflectivity, higher laser energy is needed to com-
pensate for the energy loss. Overall, the change of powder 
optical reflectivity and thermal conductivity resulting from 
the PSD should be considered when selecting the laser 
power and laser scanning rate for a given material.

3.2 The impact of Particle morphology
In free-flowing particle packing, particles with high 

roundness and low roughness exhibit reduced mechanical 
interlocking and increased packing density (German, 1989; 
Hettiarachchi and Mampearachchi, 2020). Thus, particle 
morphology is important for the SLS process as well 
(Schmid et al., 2014; Van den Eynde et al., 2015; Verbelen 
et al., 2016).

In the spreading study conducted by Van den Eynde et al. 
(2015), medium roundness standard PA12, medium round-
ness PA12 with smoother edges, high roundness mono-
disperse Polystyrene (PS) and low roundness TPU were 
compared with a customized powder spreader. The high 
roundness PS exhibited the highest packing density and 
layer smoothness. Smoother edge PA12 had a higher pack-
ing density than the standard PA12. The low roundness 
TPU had the lowest packing density and resulted in incom-
plete layers. Accordingly, the high roundness and low 
roughness were emphasized as the optimal particle mor-
phology conditions for SLS.

However, the high roundness and low roughness parti-
cles are not always available for SLS due to the limitation 
of polymer powder production methods. The current com-
mercially available SLS powder is produced by three main 
methods: co-extrusion of two non-compatible polymers, 
precipitation of polymer solutions and cryogenic milling of 
large polymer granules. Co-extrusion methods produce 
spherical and smoother particles. However, only limited 
polymers can be produced by this method, one example is 
Polypropylene from IRPD AG. The most popular potato 
shape PA12 powders, such as PA2200 from EOS GmbH, is 
produced by the precipitation method. Cryogenic milling 
can process a wide range of polymers by milling below 
glass transition temperatures. However, milled particles 
result in irregular shapes and rough surfaces due to the 
random mechanical force application during the size reduc-
tion process. Cryogenic milling also generates a large 
amount of fine particles which reduces the powder flow-

ability (Schmid et al., 2014). Some typical SLS powder 
particle shapes are shown in Fig. 3.

In addition to the commercially available methods, mul-
tiple techniques have been developed in the literature to 
improve flowability by generating high-roundness parti-
cles.

Berretta et al. (2014) found that virgin PEEK particles 
did not yield a smooth powder bed during powder deposi-
tion. The powder was annealed at a temperature above its 
glass transition temperature for 24 hours in an air- 
ventilated oven, left to cool down naturally and sieved. The 
thermal treatment improved particle roundness and flow-
ability significantly, ultimately enabling a smooth spread-
ing within the printing system.

Downer reactor as shown in Fig. 4, which utilizes the 
effect of the surface tension of the molten polymer, is com-
monly used to smooth irregular polymer particles (Sachs et 
al., 2015). Schmidt et al. (2014; 2016) demonstrated the 

spherical particles potato shape particles cryogenic milled particles

Fig. 3 Typical SLS powder particle shapes (Reprinted with permission 
from AIP Conference Proceedings “open access”, Schmid et al., 2015).

Fig. 4 Schematic drawing of downer reactor (Reprinted with permis-
sion from Procedia Engineering “open access”, Sachs et al., 2015).
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rounding process of polystyrene (PS) and polybutylene 
terephthalate (PBT) powder and introduced a procedure to 
generate spherical particles for SLS. The polymer micro-
particles were produced by wet grinding first. Then the 
particle roundness was improved by passing them in a 
heated downer reactor. Finally, hydrophobic fumed silica 
was mixed with the polymer powder to further improve the 
flowability by reducing the interparticle van der Waals 
forces.

4. The impact of processing conditions
During layer deposition, factors such as layer thickness, 

spreading speed, spreading tool, and temperature are some 
of the important operational parameters that affect SLS 
process performance. The impact of these process condi-
tions has also been reported in the literature.

4.1 Layer thickness
For given powder flow characteristics, the desired print-

ing layer thickness depends on different product require-
ments. A smaller layer thickness is desired to improve 
printing resolution, but it is limited by the particle size 
discussed in the previous section. On the other hand, a 
larger layer thickness reduces printing time. The decreased 
printing time improves manufacturing efficiency and re-
duces overall cost. In general, the layer thickness in poly-
mer SLS ranges from 80 to 150 μm. During the deposition 
of the subsequent layer, melting of the previous layer 
causes shrinkage in the bed thickness. New powder needs 
to form a smooth layer on top of the sintered bed. Static and 
dynamic wall effects are the other main mechanisms of 
voids formation during the sintering process (Chen et al., 
2019). The static wall voids in SLS occur among particles, 
printing bed and spreading tool due to the round shape of 
the particles. On the other hand, dynamic wall voids are 
caused by the arches formed between particles during the 
spreading motion. In the scenario where particle size and 
shape cannot be modified to improve packing, increasing 
the layer thickness can improve the packing density by re-
ducing both the static and dynamic wall effects. Dechet et 
al. (2020) utilized a layer thickness of 1.5 times the D90, 
corresponding to around 300 μm, in PLLA development. 
Although this significantly thicker layer provided promis-
ing flowability, it compromised the printing resolution.

4.2 Spreading blade/roller
Blade and roller (counter-rotating with respect to the 

advancement direction) are the most common powder- 
spreading tools in SLS systems. The design and movement 
of the spreading tool also affect the powder packing condi-
tion.

Beitz et al. (2019) compared three blade geometries in 
PA12 printing, including flat, round and sharp bottom. The 
flat bottom blade shape resulted in the most uniform and 

dense powder bed due to the larger horizontal contact zone 
between the blade and the powder bed.

Haeri et al. (2017) simulated the spreading tool and its 
speed using discrete element simulation and validated the 
predicted values with experimental results. The use of a 
roller produced better bed quality compared to the flat bot-
tom blade because of the adequate contact of a roller, which 
prevented particle dragging. It was also found that the 
lower roller translational speed produced better powder 
bed quality compared to a higher speed. It should be noted 
that non-spherical (rod-shaped) particles were used in this 
work which might not represent the spreading conditions of 
spherical or potato shape particles.

Drummer et al. (2015) investigated the effect of spread-
ing speed with both blade and roller systems. The repro-
ducibility of three spreading speeds (125 mm/s, 250 mm/s, 
500 mm/s) was analyzed. An optimal spreading speed of 
250 mm/s was found independent of spreading tools. The 
optimal speed was based on the curling phenomenon due to 
the temperature gradient after laser scanning as shown in 
Fig. 5. With a low speed, the long roller and molten area 
interaction time led to significant cooling of the molten 
area. Consequently, curling got worse and the warped layer 
became stuck to the roller and failed to print. With high 
speed, the varying compression force could shift the 
slightly curled section and fail the print.

Niino and Sato (2009) proposed a powder compaction 
method by using a two-steps roller spreading technique as 
shown in Fig. 6. Compaction was carried out by using a 
roller of whose rotation speed was controlled independent 
of its traversing speed. After a traditional roller spreading 
and layer formation, the powder bed moved up and an ad-
ditional roller spreading step using the same roller was ap-
plied to compact the powder bed. This additional process 
improved the packing density of the powder bed by a factor 
of 20 % and reduced residual porosity by 30 %.

V < opt V = opt V > opt

Fig. 5 The effect of powder recoating speed on molten areas.

Fig. 6 Powder bed compacting step.
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4.3 Other in-process factors
In addition to the powder properties and layer spreading 

mechanisms, there are other factors in the printing process 
that also affect powder flowability. One of the most crucial 
factors is the elevated temperature during the SLS process. 
The effect of elevated temperature on the flowability is 
threefold. (1) The polymer particles become softer thereby 
introducing additional forces by changing contact area and 
friction between particles during powder flow. (2) Humid-
ity induces cohesive forces between the particles and 
strongly affects the flow of powders (Rescaglio et al., 
2017). For the polymer with a melting temperature above 
100 °C, the moisture in the powder evaporates during print-
ing and liquid bridge force gets minimized. Both changes 
under the elevated temperature cannot be captured with the 
most powder flowability measurements. (3) The extended 
long time under elevated temperatures causes changes in 
the properties of unused powder, which affects its flowabil-
ity during recycling.

Van den Eynde et al. (2017) examined PA12 flowability 
under elevated temperatures with a customized powder 
spreader. A slight increase in the packing condition was 
observed above the glass transition temperature, indicating 
that the softening of the polymer increased the powder 
compressibility. Similarly, Amado et al. (2014) compared 
PA12 and a co-polypropylene using a modified revolution 
powder analyzer. The results showed PA12 has reduced 
surface fractal and improved flowability when process 
temperatures were above its glass transition temperature.

Ruggi et al. (2020a; 2020b) evaluated PA12 flowability 
with a high-temperature annular shear cell. The followabil-
ity was characterized using the “free-flowing range” 
method (ASTM D6773). The results showed that the flow-
ability improved from 25 °C to 100 °C, then reduced from 
100 °C to 160 °C. The liquid bridges present at 25 °C were 
proposed as the main limitation of the free flow. The flow-
ability increased with reduced moisture from 25 °C to 
100 °C. From 100 °C to 160 °C, powder became cohesive 
towards close to melting temperature because the softened 
polymer induced more contact points and contact area 
which reduced the flowability.

In the earlier discussion of morphology, it was men-
tioned that PEEK flowability can be optimized by high- 
temperature annealing. However, high-temperature  
annealing is not always desired. In a SLS print, most of the 
powder is not melted. It is important to recycle the unmelted 
powder to reduce the production cost (Dotchev and Yusoff, 
2009). The recycling process involves sieving and storing 
the unmelted powder, which is then mixed with fresh pow-
der for the next cycle of use. The purpose of powder mixing 
is to neutralize the changes in the properties of used powder 
that occur as a result of prolonged exposure to elevated 
temperatures. The mixing rate depends on the extent of 
property change in the used powder, and not all the poly-

mers can be recycled (Dadbakhsh et al., 2017; Mwania et 
al., 2021). The change in the chemical structure, thermal 
properties and rheology properties of the used polymer 
have been well researched in the literature, especially for 
PA12 (Dooher et al., 2021; Kuehnlein et al., 2010; Wudy et 
al., 2014). Mielicki et al. (2015) reported a higher PA12 
particle shape deviation for particle size bigger than 
100 μm and longer aging times. Dadbakhsh et al. (2017) 
observed an increased cracking in used PA12 from scan-
ning electron microscope images. The cracks might be 
caused by the evaporation of remaining alcohol and ab-
sorbed moisture and/or the subsequent expansion/ 
shrinkage steps of the process cycles. From the powder 
flowability perspective, Wegner et al. (2014) reported re-
duced flowability of used polypropylene (PP) based on the 
Hausner-ratio method. On the contrary, Yang et al. (2021) 
reported an improved flowability of used PA12 based on 
the powder rheometer measurement. The discrepancy in 
flowability results could be attributed to the different mea-
surement methods employed, where the simulated forced 
flow in a powder rheometer may yield different outcomes 
compared to free flow and tapped-based Hausner ratio 
methods.

In our study, both new and used PA12 were evaluated 
with the Hausner-ratio method. As shown in Table 2, new 
PA12 exhibits a lower Hausner-ratio compared to used 
PA12, which suggested a reduced flowability of used PA12. 
The used PA12, on the other hand, has a higher tapped 
density. Comparing this with the higher flowability in the 
previously mentioned PA12 powder rheometer measure-
ment results, there could be a similarity between the tapped 
force during tapped density measurement and the simu-
lated forced flow in the powder rheometer measurement.

Systematic studies of the triboelectric phenomena in 
polymer SLS are rare. Recently, Hesse et al. (2019) inves-
tigated the triboelectric charge of fresh and used PA12. A 
powder spreading setup with the electrostatic voltmeter 
was used to compare both fresh and aged PA12. The elec-
trostatic charge build-up of used PA12 was found to be 
significantly higher than the fresh PA12. The degradation 
of an antistatic agent in the powder, or the electrical prop-
erties change due to the post-condensation were the reasons 
cited for the observation according to the author. This 

Table 2 Hausner ratio of new and used PA12. The raw data on the 
Hausner ratio is available publicly at https://doi.org/10.50931/data.
kona.23741511

Material
Loose bulk 
density  
(g/cm3)

Tapped bulk 
density  
(g/cm3)

Hausner ratio

New PA12 0.44 0.51 1.15 ± 0.01

Used PA12 0.42 0.52 1.23 ± 0.02
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finding is important for the analysis of powder flowability 
and the development of powder recycling strategies.

5. Additives
Another approach to improve or modify material flow 

properties is combining additives with established SLS 
materials (Arai et al., 2018; Gulotty et al., 2013; Mousah, 
2011; Sivadas et al., 2021; Tolochko et al., 2000; Yan et al., 
2009; Yuan et al., 2019). Additives, especially hydrophobic 
fumed silica, have been widely used as flow aids to im-
prove powder flowability (Berretta et al., 2014; Laumer et 
al., 2013; Schmidt et al., 2014, 2016; Verbelen et al., 2016). 
The presence of the flow aids reduces the interparticle van 
der Waals forces (Schmidt et al., 2014) and the effects of 
electrostatic charges (Lexow and Drummer, 2016).

Considering the significantly small particle size of flow 
aids, they have a large surface-to-volume ratio, and only a 
small percentage needs to be added to the polymer matrix. 
The optimal amount of flow aids is of great interest. 
Laumer et al. (2016b) investigated the effect of flow aids 
content in high-density polyethylene (PE-HD, D50 = 57 μm) 
and polypropylene (PP, D50 = 100 μm). Weight concentra-
tions of 0.0 %, 0.1 %. 0.25 % and 1.0 % of nano-scaled 
fumed silica were mixed with the polymer by dry mixing. 
The Hausner ratio and degree of coverage were measured 
to evaluate flowability. The degree of coverage measure-
ment was done by a customized powder spreader. The re-
sults showed that the addition of fumed silica improved 
overall flowability. However, the concertation effect dif-
fered between the two characterizations. The Hausner ratio 
increased with increasing concentration, with 0.1 % as the 
optimal concentration. On the other hand, in PE-HD degree 
of coverage testing, saturation was observed at 0.25 % and 
degree of coverage decreased above this concentration. 
The proposed explanation was that the increased amount of 
fumed silica after saturation caused the separation of fumed 
silica and polymer particles, and/or the fumed silica ag-
glomeration reduced flowability. On the contrary, no satu-

ration was found in the PP system. The degree of coverage 
continuously increased with the increase in fumed silica 
amount, which could be attributed to the different particle 
sizes and inter-particle forces between the two polymers.

Similarly, Kleijnen et al. (2019) reported the effect of 
fume silica concentration ranging from 0.005 % to 0.5 % in 
a PBT (D50 = 41.5 μm) powder system. Hausner ratio and a 
revolution powder analyzer were used to characterize the 
flowability. The results showed that the flowability did not 
change below 0.01 wt%, increased from 0.01 wt% to 
0.1 wt%, then reached a plateau. Additionally, SEM images 
revealed that at 0.5 wt% of additive, the polymer surfaces 
were fully covered and aggregates were formed, which 
could justify the flowability plateau.

6. White spot
Besides the lack of a comprehensive understanding of 

powder flow mechanisms discussed in the previous sec-
tions, there are two other major areas that require further 
investigation.

Most of the existing powder flowability studies were 
conducted to improve particle packing. However, there are 
situations where a low packing density can be advanta-
geous, such as when reducing printing time or achieving a 
porous product is desired. According to Beer-Lambert law, 
the laser intensity along with the powder depth as it trans-
mits into a media decays exponentially (Osmanlic et al., 
2018; Xin et al., 2017). A low particle packing density al-
lows for a slow decay of the laser, which leads to deeper 
melting depth compared to a high powder packing density 
bed as shown in Fig. 7. A larger layer thickness can be 
employed in this condition which reduces the overall print-
ing time. However, there are two potential penalties for 
printing with a low packing density. First, the high laser 
scattering caused by low packing density could lead to is-
sues with printed part dimension, such as over-sintering. 
Second, extremely high melting depth could result in high 
surface temperatures, potentially leading to polymer  

Fig. 7 Laser–powder interaction under different packing densities (Reprinted with permission from Polymers “open access”, Osmanlic et al., 2018).
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Table 3 The effect of powder properties and process conditions on SLS–other polymers.

Factors Optimal range
SLS process SLS printed part 

(Caused by 
flowability change)

Research 
needsFlowability Layer smooth-

ness Packing density

Powder 
property 
- PSD

+ Span 45 to 90 μm 
(Goodridge and 
Ziegelmeier, 
2017).

20 to 80 μm 
(Schmid et al., 
2015; Vock et 
al., 2019b)
(General guild 
line, No 
experimental 
data support)

+ (PA12) (Van 
den Eynde et 
al., 2015)
− (PA12) 
(Schmid et al., 
2017)

− Homogeneous 
melting [49]

1. Detailed 
design of 
experiment 
to find out 
the optimal 
PSD

2. Improved 
polymer 
powder 
production 
methods

+ D50 0 (PA12) (Beitz et 
al., 2019)

+ (PA12) (Van 
den Eynde et 
al., 2015)

0 Surface rough-
ness (PA12) (Beitz 
et al., 2019)

+ Fine particles − (TPU, TPE) 
(Ziegelmeier et al., 
2015)
− (Schmid et al., 
2015)

− (TPU, TPE) 
(Ziegelmeier et 
al., 2015)
+ (PA11, PA12) 
(Verbelen et al., 
2016)

− Tensile strength 
(TPU, TPE) 
(Ziegelmeier et al., 
2015)
− Surface rough-
ness (TPU, TPE) 
(Ziegelmeier et al., 
2015)
0 Shore hardness 
(TPU, TPE) 
(Ziegelmeier et al., 
2015)

Powder 
property 
- Morphol-
ogy

+ Roundness High roundness 
(Berretta et al., 
2014; Haeri et 
al., 2017; Van 
den Eynde et 
al., 2015)

+ (PEEK) (Berretta 
et al., 2014)
+ (Haeri et al., 2017)

+ (PA12) (Van 
den Eynde et 
al., 2015)

+ (Haeri et al., 
2017)
+ (PA12) (Van 
den Eynde et 
al., 2015)

+ Roughness Low roughness 
(Van den Eynde 
et al., 2015)

− (PA12) (Van 
den Eynde et 
al., 2015)

Recoating + Layer 
thickness

+ (PLLA) (Dechet et 
al., 2020)
+ (HDPE, PP) 
(Laumer et al., 2016b)

3. Low 
packing 
density and 
large layer 
thickness 
scenario

4. Powder–
polymer melt 
recoating 
scenario

+ Blade flatness Flat (Beitz et 
al., 2019)

+ (PA12) (Beitz 
et al., 2019)

+ (PA12) (Beitz 
et al., 2019)

+ Roller instead 
of blade

Roller (Haeri et 
al., 2017)

+ (Haeri et al., 
2017)

+ Recoating 
speed

250 mm/s 
(Drummer et 
al., 2015)

− (Simulation) 
(Haeri et al., 
2017)
+− (PA12) 
(Drummer et 
al., 2015)

Process 
conditions

+ Temperature + (PA12) (Amado et 
al., 2014)
+− (PA12) (Ruggi et 
al., 2020a, 2020b)

+ (PA12) (Van 
den Eynde et 
al., 2017)

+ Reuse Fresh Powder 
(Wegner and 
Ünlü, 2016)

− (PP) (Wegner and 
Ünlü, 2016)
+ (PA12) (Yang et 
al., 2021)

5. Aging 
effect on 
powder 
property 
change in 
different 
polymer 
systems

Particle 
additives

+ Concentration 0.25 wt% 
Fumed silica in 
HDPE, 1 wt.% 
Fumed silica in 
PP (Laumer et 
al., 2016b)

0.1 wt% Fumed 
silica in PBT 
(Kleijnen et al., 
2019)

+− (Fumed 
silica in HDPE, 
PP) (Laumer et 
al., 2016b)  
 
(Fumed silica in 
PBT) (Kleijnen 
et al., 2019)

“+” denotes a positive effect with an increased factor, “−” a negative effect with an increased factor, “0” for no effect. “+−” denotes a 
positive, then a negative effect with an increased factor. “()” denoted the polymer used in the cited work.
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degradation. The detailed impact of packing density, layer 
thickness and laser parameters on polymer coalescence is 
not yet well understood and requires further systematic in-
vestigations.

Although studies have been conducted on the relation-
ship between powder flow conditions and printed part 
properties, there remains a significant knowledge gap re-
garding powder–polymer melt recoating, as shown in 
Fig. 1 diagram B1. This fundamentally differs from the 
widely investigated powder flow behavior on flat powder 
surfaces, which is a significantly different environment 
than the relatively uneven polymer melt surfaces in real 
systems. From a powder flowability perspective, most re-
searchers have analyzed the flowability based on a desig-
nated single-layer thickness. However, the layer thickness 
would be different after melting. The powder packing den-
sity is about 40–50 % (Van den Eynde et al., 2015). During 
melting, the powder layer sinks due to the filling of gaps 
between particles. This phenomenon leads to powder layer 
height changes for the next powder deposition. In the case 
of metal SLS, this powder layer height is 4–5 times the 
designed layer thickness (Wischeropp et al., 2019). The 
dramatic increase in the layer thickness could change pow-
der flow behavior. Furthermore, Mielicki et al. (2015) dis-
covered that the temperature of the polymer melt, 10 
seconds after laser exposure, is close to the printing tem-
perature, indicating that the polymer is in a viscous flow 
undercooling stage during the next layer powder deposi-
tion. Powder deposition on a surface under viscous flow 
conditions encounters different force conditions compared 
to deposition on a cooled solid surface. From a polymer 
rheology perspective, most of the research has focused on 
the polymer melt coalescence (Haworth et al., 2013; 
Mielicki et al., 2012), except for a study by Wudy et al. 
(2015) who investigated the effect of different polymer 
melt surface tension conditions on the powder bed forma-
tion. The opposite scenario, where powder flows on the 
polymer melt, remains unexplored.

7. Conclusion and future perspectives
Polymer selective laser sintering is a powder-based addi-

tive manufacturing technology. In this paper, we have pre-
sented a review focusing on one of the most important 
aspects of SLS: powder flowability. The powder flowabil-
ity determines layer packing and the final printed part 
properties. Besides a brief discussion of the powder flow-
ability characterization methods used in polymer SLS, the 
primary objective of the review was to provide a better 
understanding of the powder flow mechanism during the 
printing process. The powder properties such as PSD and 
particle morphology play important roles in flowability.

The effect of powder properties and process conditions 
on SLS process performance, based on the literature cited 
in this review, is summarized in Table 3. Some factors ex-

hibit contradictory effects when viewed from different 
perspectives., e.g., PSD span improves packing but results 
in inhomogeneous melting. There is also a delta between 
the findings for polymer and metal/ceramic regarding the 
effect of PSD as discussed in the previous section. The 
current research on polymer SLS is constrained by the 
limited variety of powder properties options i.e., availabil-
ity of spherical, and smooth particles with controllable 
particle sizes. It is essential to improve existing polymer 
powder production methods and develop new methods so 
that the desired powder properties criteria for optimal print-
ing conditions can be developed.

As discussed in the above sections, all material proper-
ties contribute to a successful SLS print. Regarding the 
powder properties and flowability: 
• A smooth powder layer formation is the precondition of

the layer-by-layer process. It is influenced by powder
flowability, morphology and process conditions. The use
of an optimal PSD (45–90 μm or 20–80 μm), high
roundness particles or an appropriate concentration of
flow aids often leads to an acceptable layer formation.

• The powder packing density is influenced by the same
factors as powder flowability and can be improved by
utilizing an appropriate PSD, high roundness particles
and an optimal concentration of flow aids. The packing
density affects the thermal and optical properties of the
powder bed, which cause a direct impact on the laser–
material interaction as shown in Fig. 7. By tuning laser
parameters, process conditions and adding absorption
intensifiers (Laumer et al., 2013), successful print prop-
erties can be achieved even with powder beds that have
low packing densities.
In addition to experimental studies, simulations and

modeling efforts are needed to provide further insights to 
develop meaningful guidelines for achieving optimal pow-
der properties and successful process performance.

Considering that PA and its composites account for 95 % 
of the SLS polymer commercial market, there is a need to 
develop other polymers to meet diverse product property 
requirements and expand the range of SLS applications. 
The current understanding of polymer processing phenom-
ena, including flowability, is primarily based on PA12. As a 
common approach, investigating the printing mechanism 
of PA12 and using it as a basis for developing guidelines 
for new materials is often employed. Without the develop-
ment of universally quantified criteria for powder/material 
properties, the trial-and-error method will continue to be 
the most common approach for new material development 
in the industry. It is also critical to expand the investigation 
of other polymers, from feasibility tests to fundamental 
failure mode analysis, to gain a deeper understanding of the 
SLS process.
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