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Abstract: Selective laser sintering (SLS) with polymers is currently at the transition to the production
of functional components and thus holds great potential to revolutionize conventional production
processes. Nevertheless, the application capability is confronted by newly defined requirements
regarding reliability and reproducibility. In order to fulfil the requirements and to increase the
process stability, the ageing mechanisms in polymers are compensated by recycling strategies. This
involves fraction-based mixing of a defined ratio of new powder with recycled powder. Basically,
fraction-based mixing must be preceded by the selection of suitable mixing parameters. The work
focused on the influence of the mixing process on the powder characteristics for cyclic reuse in SLS.
With regard to the powder characteristics, the particle shape and particle size distribution as well
as the bulk and tap density of the powder were investigated. The authors found an influence of
the mixing process with increasing mixing time on the powder characteristics of a black polyamide
12 sintering material. A mixing time of 1 h and a mixing intensity of 15 rpm proved to be potentially
effective for achieving a gentle and homogeneous mixing of the powders.

Keywords: additive manufacturing; selective laser sintering; polymers; powders; mixing process;
particles; powder density; agglomerates; interparticle forces

1. Introduction
1.1. Process Technology of Selective Laser Sintering and Material Properties

Selective laser sintering (SLS) with polymers represents the additive manufacturing
process that is currently in transition between its application in prototyping to full man-
ufacturing technology for functional components. In addition to the suitability of the
process for future industrial application, the process offers the potential of integration into
series production. SLS is a powder-based process in which components are generated
by the layer-wise application and selective solidification of mainly polymer materials by
using heat input. Taking into account minimal distances between the components, the
building volume can be fully utilized. The surrounding, non-consolidated powder can
be reused [1-3]. A restriction of the process is that the powder material used is subject to
a combination of material ageing processes, which are each reflected as impacts on the
specific characteristics of the material [2,4-9]. Thus, the powder in SLS is considered to
be the decisive quality criterion [10]. The processability of the polymer is influenced by
the material properties. The material properties are divided into intrinsic and extrinsic
properties [11-13]. The extrinsic properties include the particle shape and particle size
or particle size distribution (PSD) and flowability of the powder. These properties are
decisive factors influencing the behavior of the powder in the SLS process [11,13]. In a
cohesive powder, there are interactions between the particles, as a result of which the free
flow of the powder is influenced [11,14]. The interparticle forces are caused by forces that
keep the particles together, such as gravitational forces, mechanical interlocks and van
der Waals interactions [11,14-16]. A spherical particle shape favors the flowability and
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applicability of the powder in the SLS process [11-13]. Mys et al. [17] listed suitable particle
shapes for use in SLS. In order to achieve the desired component properties, SLS powders
should ensure a sufficient packing density of the powder layers [11-13]. Furthermore,
environmental conditions such as temperature and humidity influence the flow behavior
in that the humidity absorbed by the powder causes hydrogen bonds to form between the
particles [14,18,19].

1.2. Approaches of Fraction-Based Mixing for Recycling Powders in SLS

With regard to a consistent powder and component quality, the ageing mechanisms in
polymers during SLS are compensated by recycling strategies [4]. Actions for the quality
management of materials with regard to ageing mechanisms are listed in [11,20]. Gib-
son et al. [2] described the fraction-based mixing of a defined ratio of recycled powder
with new powder. For this purpose, the powder materials from the overflow and the
feed unit as well as the powder from the building volume of the SLS system are differ-
entiated. The different powder fractions are to be separated from each other using lists
and the use of different containers according to their ageing status [4,11]. Labeling the
containers with barcodes or radio-frequency identification chips is also conceivable [21].
The reason for the separation of the powder fractions is that the powder is exposed to
different temperature profiles during the SLS process. Due to the low temperatures in
the overflow and feed unit, the powder from the overflow and feed unit differs only
marginally from new powder. The non-solidified powder from the building volume is
exposed to higher thermal impacts and is processed in a particle sorting method to break
up or sort out particle agglomerates. Fraction-based mixing ratios of the various powders
are then determined [2]. Gibson et al. [2] mentioned a mixing ratio of one third virgin
powder, one third powder from the overflow and feed unit, and one third powder from the
building volume. Further studies [2,4,7,11,22-24] identified mixing ratios of 30% to 50%
virgin with recycled powder in the case of polyamide 12. Depending on the specific melt
viscosity of the powder fractions, more precise mixing ratios can be set using the melt index
measurement [2,7,11,20,25-33]. In this regard, there are various studies that focus on the
determination of limit values for material quality and establish an evaluation system. This
makes it possible to predict the time at which ageing effects occur in polymers in the course
of increasing molecular weight [7,25-27,34].

In this regard, Gibson et al. [2] described the homogenization of the powder fractions in
a mixing process. Homogenization occurs when each powder sample represents the entirety
of the powder [35]. In Mwania et al. [36]'s study, the different types of mixing mechanisms
and mixing parameters were listed, which influence the mixing of powder fractions with
different powder characteristics. These include particle size, PSD, particle shape, particle
density and cohesiveness [11,37]. The mixing parameters that influence the homogeneity
of the powder mixture include the mixing duration and mixing intensity, the filling volume
of the mixer and the shaping of the mixer [37,38]. Furthermore, the inconsistent powder
characteristics influence the homogenization of the powder fractions [37]. Sommer [39],
Weinekotter and Gericke [40] and Stief3 [38] present the forms and properties of solid mixers.
Deveswaran et al. [37] listed requirements for a mixer for homogenization powders in SLS:
Time-saving mixing;

Gentle mixing of the powder;

Dust-proof design of the mixer;

Low-effort removal of the powder and cleaning of the mixer;
Design of the mixer for varying powder volumes.

According to Weinekotter and Gericke [40], free-fall mixers are particularly suitable
for the homogenization of a powder mixture. In addition, possible segregation effects of
particles are lower with this mixer. Furthermore, free-fall mixers have the least mechanical
influence on the mixture and thus avoid deterioration to the mixture [40]. According to
Bhoite et al. [41], Weber [42] and Blumel [43], a tumbling mixer is a free-fall mixer and
represents a process that is gentle on the mixed material with the most homogeneous
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mixing possible. Fahr and Voigt [44] attested that this mixer has low shear forces, which
has minimal effects on the structural integrity of powder materials for use in additive
manufacturing.

According to Hogg [45], mixing is favored by an increased speed of the mixer. Fur-
thermore, long mixing times result in a more homogeneous mixing of the powders. From
Poux et al. [46] a suitable mixing duration of 2 min to 10 min is given. A short mixing time
was confirmed by Bliimel [43]. Mayer-Laigle et al. [47] demonstrated that with a Turbula
T2F tumbling mixer, homogeneous mixing of two different materials is achieved after only
few rotations of the mixer, regardless of the mixing intensity. Ferraris [48] suggested a
mixing intensity of 5 rpm to 25 rpm. A low mixing intensity for sufficient mixing was
also confirmed by Bliimel [43]. Investigations by Shad et al. [49] with a Turbula T10B
tumbling mixer using a powder mixture of metallic powders and flow aids showed that
both long mixing times and high mixing intensities lead to homogenization of the powder
materials. It is shown that a higher mixing energy (consisting of mixing time and intensity)
is generally effective, regardless of how this energy is provided. A mixing time of 1h and a
mixing intensity of 44 rpm was used for the investigations carried out [49].

Furthermore, an increased filling volume of the mixer results in a lower mobility and
mixing of the particles [45]. Studies by Mwania et al. [36] with similar polymer particles
identified a filling level of 50% to 75% for sufficient mobility and mixing of the particles.
In Mayer-Laigle et al. [47]’s study, homogeneous mixing was achieved at a filling level
of 50%. The tendency to segregation depends on the size, shape and packing density of
the particles [46,50]. In addition, small particles tend to align with each other during the
mixing process, while larger particles agglomerate [46]. Compared with irregularly shaped
particles, spherical particles agglomerate more [46,50].

1.3. Aim of the Article

Material ageing processes in polymers limit the industrial application of SLS [2,5,11].
The influence of the specific material characteristics affects the quality and reproducibility
of the component properties as well as the process stability of the SLS [2,4,5,11,24,51-53].
To compensate these ageing mechanisms, it is common practice to refresh powder already
used in the process by adding new powder [4,11,24,51,52]. Gibson et al. [2] describe
the approach of fraction-based mixing of a defined ratio of virgin to recycled powder.
Previous studies focus on the mixing of various bulk materials with regard to suitable
mixing parameters for homogeneous mixing, but not on the mixing of powder fractions, in
particular polyamide 12, for cyclic use in SLS. Whether the powder properties are influenced
as a result of homogenization has not yet been clarified. Therefore, the selection of suitable
mixing parameters for the application at hand has to be made. The aim of the work was to
investigate the influence of the mixing parameters on the powder characteristics and to
identify parameters that are gentle on the mixed material. The focus of the investigation
was on the particle shape and PSD as well as on the bulk and tap density of the powder.

2. Materials and Methods
2.1. Sinter Material

In this work, the powdered polyamide 12 sintering material LUVOSINT PA12 9270
BK from the manufacturer Lehmann & Voss & Co. KG (Hamburg, Germany) is used. The
sintering material was stored airtight at 23 °C and 50% relative humidity and protected
from ultraviolet radiation. The choice of material is justified by the fact that polyamide 12
is the most commonly used sintering material in SLS [2,11,54,55]. Based on the information
provided by the manufacturer, the material has a specific gravity of 1.02 g/cm? and a bulk
density of 0.40 g/cm?.

2.2. Mixing Technology

The powders were mixed using a Turbula T10B tumbling mixer from the manufacturer
WAB AG (Muttenz, Switzerland). The tumbling mixer offers a process that is gentle on the
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material to be mixed with the most homogeneous mixing possible [38-43,56]. Four different
mixing intensities (15 rpm, 23 rpm, 32 rpm, 44 rpm) were used. The selection of the mixing
intensities results from the basic settings and the transmission ratio of the drive. Mixing
times from 30 min to 96 h are investigated. The selection of mixing times results from a
compromise between sufficient mixing of the powder and, at the same time, the gentlest
possible mixing. The short mixing times are in accordance with the studies [43,46,47]. To
illustrate possible effects of mixing time on the powder, both short and long mixing times
were selected. Mixing containers with a capacity of 500 mL were used to investigate the
powder characteristics in the mixing process. A percentage filling level of 75% was applied.
This filling level is confirmed by investigations by Mwania et al. [36] with polymer particles.
As the mixer is a free-fall mixer [41-43], there are no grinding bodies inside the mixing
containers.

2.3. Classification of Powder Density

To determine the powder characteristics, the bulk density and tap density were de-
termined under controlled environmental conditions of 23 °C and 50% relative humidity.
The quotient of tap density and bulk density is called the Hausner factor [14,57,58]. As the
Hausner factor only indicates the ratio of the two values, the Hausner factor is not used
to describe the flow behavior. Spierings et al. [59] confirmed this approach. Furthermore,
studies show a correlation between powder flowability and bulk density [43,60-62]. The
bulk density was determined according to DIN EN ISO 60:2000-01 [63] using a defined
hopper from the manufacturer Landgraf Laborsysteme HLL GmbH. For the measurement,
a powder amount of 110 mL to 120 mL is used, which flows through a hopper into a
measuring cylinder. The bulk density was calculated from the ratio of the mass of the
powder in the measuring cylinder and the volume of the measuring cylinder. The de-
termination of the tap density was carried out according to the procedure described in
DIN EN ISO 787-11:1995-10 [64] with a tap volumeter from the manufacturer Landgraf
Laborsysteme HLL GmbH (Langenhagen, Germany). The measuring cylinder was filled up
to a measuring volume of 200 &= 10 mL with the powder. The powder was dried previously
by a drying oven of the type TR 120 from Nabertherm GmbH (Lilienthal, Germany). After
the compression processes of 1250 revolutions of the camshaft, the volume after the last
compression process is taken as the final volume. The tap density calculated from the ratio
of the mass of the powder in the measuring cylinder and the noted filling volume. The
corresponding mass of the powder in the measuring cylinder was determined by a scale of
the type EW 4200-2 NM from KERN&Sohn GmbH (Balingen-Frommern, Germany). The
mass was determined at 23 °C and 50% relative humidity. To achieve a higher statistical
significance, three determinations of the bulk density and tap density of the powder were
carried out and the arithmetic average was formed, contrary to the specifications in DIN
EN ISO 60:2000-01 [63] and DIN EN ISO 787-11:1995-10 [64].

2.4. Particle Analysis

For the analysis of the particle shape and PSD by a dynamic image analysis according
to ISO 13322-2:2021-12 [65] the particle analyzer of the type Camsizer XT of the manufac-
turer Retsch Technology GmbH (Haan, Germany) is used. For the analysis of the particles,
measurements with five million recorded particles in each case were carried out. As a
result of the measurements, the sphericity and aspect ratio are available as mean values. In
addition, the D10, D50, and D90 values as well as the PSD were output. This measurement
does not provide for a standard deviation. Regarding the particle shape, the focus was
on sphericity and aspect ratio. The maximum value for sphericity and aspect ratio was
1[11,66]. The particles were analyzed under controlled environmental conditions of 23 °C
and 50% relative humidity.
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2.5. Scanning Electron Microscope

The scanning electron microscopic (SEM) images of the sintering material are taken
with a Tescan Mira 3 SEM system from Tescan GmbH (Dortmund, Germany). The micro-
scope was operated with an acceleration voltage of 15 kV, detection was carried out via
secondary electrons. The samples were first sputtered with gold for 40 s so that the particle
surface was electrically conductive [67].

3. Results and Discussion
3.1. Characteristics of the Used Sinter Material

The PSD curve of the used sintering material is shown in Figure 1. The distribution
curve appears broad and symmetrical and has a mono-modal shape [11-13]. Table 1 lists
the powder characteristics of the used sintering material. The bulk density deviated from
the tap density by approx. 28.8%.
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Figure 1. Particle size distribution of the used sinter material. The analysis of the particle size
distribution includes the frequency of occurrence over the respective particle size, which is shown on
the x-axis. Determined with Camsizer XT.

Table 1. Characteristics of the investigated sinter material.

Attribute Average Standard Deviation
Bulk density 0.3906 g/cm3 0.0030 g/cm3
Tap density 0.5033 g/cm3 0.0033 g/cm3
D10 28.20 pm -
D50 66.30 um -
D90 100.00 pm -
Sphericity 0.838 -
Aspect ratio 0.710 -

The distribution of particle size within the sintering material is confirmed in Figure 2.
The particle morphology of the powder appears irregular and fractured, which is reflected
in the sphericity and aspect ratio (Table 1) [11,17]. Sharp fracture edges are visible on the
particles.
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Figure 2. SEM image of the used sinter material. Produced with Tescan Mira 3 at 150 x magnification.

3.2. Influence on Particle Shape and Particle Size Distribution

The influence of the mixing process on the sphericity and aspect ratio is shown in
Figures 3 and 4. The curves showed a sinusoidal function. Sphericity and aspect ratio
increased with increasing mixing energy. However, the mixing energy decreased when
switching from one mixing duration to the next mixing duration in the diagrams, since there
is then again a low mixing intensity. The mixing intensity has the stronger influence on the
form factors than the mixing time. The minimum sphericity was 0.837 and was achieved at
a mixing time of 0.5 h and a mixing intensity of 23 rpm. In contrast, the maximum sphericity
was 0.845 and was achieved at a mixing intensity of 44 rpm and mixing durations of 4 h
and 96 h in both cases. This corresponds to a maximum percentage deviation of approx.
1% compared with the sphericity of the reference material (Table 1). The minimum aspect
ratio was 0.703 at a mixing time of 96 h and a mixing intensity of 15 rpm. In contrast, the
maximum aspect ratio was 0.716 and was achieved at a mixing time of 4 h and mixing
intensities of 23 rpm and 44 rpm. This corresponds to a maximum percentage deviation of
approx. 1% compared with the reference material (Table 1). Furthermore, the percentage
deviation within the series of tests for the sphericity was a maximum of approx. 1% and
for the aspect ratio a maximum of approx. 2%. In particular, low mixing energies lead to a
change in the form factors of less than 1%.

The influence of the mixing process on the characteristic values of the PSD is shown
in Figure 5. Especially at low mixing times of 0.5 h and 1 h, independent of the mixing
intensity, the particle sizes were influenced by less than 2%. Basically, an increase in particle
size with increasing mixing energy could be observed. In particular, mixing durations in
the range of 48 h and 96 h resulted in an increase in particle size. Here, at a mixing duration
of 96 h and a mixing intensity of 23 rpm, a percentage increase of up to 4% (D90) occurred
compared with the reference material (Table 1). The fine particle fraction is increased
with increasing mixing energy to a maximum value of 34.90 um-D10. This represents a
percentage increase of approx. 23.8% compared with the reference material (Table 1). While
the D90-fraction increased by 3.3% starting from the reference material up to the maximum
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mixing energy (96 h, 44 rpm), the increase in the D50-fraction was approx. 9%. For the
D10-fraction, the increase was 20.2%.

The SEM images of the particles at different mixing parameters shown in Figure 6
confirm the observations in Figure 5 of the particle size increase with rising mixing energy.
With increasing mixing time and mixing intensity, particle agglomerates and breakouts
from the particles were increasingly present compared with the reference material (Figure 2).
The particle surface appeared more damaged, deformed, and rougher than the reference
material or the powders mixed at lower mixing energies. In addition, with increasing
mixing energy, an intensified formation of satellites occurred, in which small particles
attached themselves to larger particles. The increase in sphericity and aspect ratio seen in
Figures 3 and 4 is not evident in the SEM images.
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Figure 3. Influence of the mixing process on the sphericity of the sinter material. Six mixing durations
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Figure 6. SEM images of the particles of used sinter material: (a.1,a.2) 1 h—15 rpm at 46x and 150 x
magnification; (b.1,b.2) 1 h—44 rpm at 48 x and 168 x magnification; (c.1,¢.2) 96 h—44 rpm at 48 x
and 168 x magnification. Determined with Tescan Mira 3.

3.3. Influence on the Powder Density

The influence of the mixing process on the powder density is shown in Figures 7 and 8.
The bulk density and tap density decreased with increasing mixing time. At high mixing
energies, the mixing process had a stronger effect on the bulk density than on the tap density.
With reference to Figure 7, a decrease in bulk density occurred from a mixing duration of
4 h, which lies outside the standard deviation of the reference material (Table 1). Based on
a mixing time of 4 h and a mixing intensity of 44 rpm, there was a percentage decrease of
approx. 1.6% compared with the reference material. At the same mixing intensity and a
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mixing time of 96 h, there was a percentage decrease of approx. 8.8% compared with the
reference material. The decrease in bulk density is primarily caused by an increasing mixing
time. In addition, the influence of the increasing mixing intensity occurred from a mixing
duration of 48 h upwards. Based on a mixing time of 96 h, the bulk density decreased from

a mixing intensity of 15 rpm (0.3718 g/cm?) to 44 rpm (0.3561 g/cm?) by approx. 4.2%.

In contrast, the change in bulk density related to a mixing duration of 1 h from a mixing

intensity of 15 rpm (0.3872 g/cm?) to 44 rpm (0.3866 g/cm3) was approx. 0.1%.
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Figure 7. Influence of the mixing process (time and intensity) on the bulk density. Six mixing

durations are considered, each with four mixing intensities.
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Similar to the bulk density, the tap density decreased with increasing mixing time.
After a mixing time of 0.5 h, the tap densities were partly outside the tap density of the
reference material, under consideration of the standard deviation. From a mixing duration
of 1 h upwards, all mixing intensities resulted in a lower tap density than that of the
reference material, under consideration of the standard deviation. At a mixing time of 1 h
and a mixing intensity of 15 rpm (0.4956 g/cm3), there was a percentage decrease in the
tap density of approx. 1.5% compared with the reference material. Based on a mixing time
of 4 h and a mixing intensity of 44 rpm (0.4902 g/cm?), there was a percentage decrease
of approx. 2.6% compared with the reference material. With the same mixing intensity
and a mixing time of 96 h (0.4757 g/cm?), there was a percentage decrease of approx. 5.5%
compared with the reference material. Basically, the decrease of the tap density is primarily
caused by an increasing mixing time. In addition, the influence of the increasing mixing
intensity occurred from a mixing duration of 24 h upwards. Based on a mixing time of 96 h,
the tap density decreased from a mixing intensity of 15 rpm (0.4882 g/cm?) to 44 rpm by
approx. 2.5%.

3.4. Discussion

The influence of the mixing process on the powder characteristics of the used sintering
material was investigated. Although the used tumbling mixer is a low shear mixing
technology [41-44], it was shown that the sphericity and aspect ratio increased with rising
mixing energy (Figures 3 and 4). This could be due to the sharp edges of the particles
being rounded by the contact of the particles during the mixing process. As a result, a
high mixing energy leads to a stronger rounding of the particles. Furthermore, the mixing
intensity had a stronger influence on the form factors than the mixing time. However,
the increase in form factors may not be decisive due to the small percentage changes of
about 1%.

The increase in particle size with rising mixing energy shown in Figure 5 is possibly
due to agglomeration of the particles as a result of mechanical interlocking of the individual
particles [11,14,68,69]. The SEM images of the particles at different mixing parameters
shown in Figure 6 confirm the observations of the increase in particle size recorded in
Figure 5. The increased formation of satellites also resulted in a shift of the particle size
towards higher particle sizes. Although the form factor analysis indicates a rounding
of the particles, the particles in the SEM images appeared damaged, deformed, and ag-
glomerated compared with the reference material (Figure 2) or the powders mixed at low
mixing energies (Figure 6). Furthermore, agglomeration is favored by the previously noted
rounding of the particles in the mixing process [46,50]. This assumption is supported by the
circumstance that at low mixing energies there is no measurable rounding of the particles
and an increase in particle size. The use of the tumbling mixer as well as the procedure, the
number of samples, and sampling of the test methods carried out reduces the occurrence
of segregation effects of small and large particles. Therefore, the results obtained can be
considered valid.

Furthermore, the influence of the mixing process on the powder density, described
by the bulk density and tap density, is shown in Figures 7 and 8. Although the previously
recorded rounding of the particles should result in better powder flowability [11-14], the
density of the powder decreased with increasing mixing energy. The decrease in bulk and
tap density is due to the mechanical interlocking of single particles, the agglomeration of
these and the damage of the particles (Figures 5 and 6) [11,14,68,69]. The decrease in bulk
and tap density indicates increasing interactions between the particles, so that the powder
becomes more cohesive with increasing mixing energy [11,14]. Based on the sintering
material as well as the form factors and SEM images (Figures 5 and 6), the decrease in
bulk and tap density is primarily due to adhesive forces and mechanical interlocking
of the powder [11,14-16,70]. In addition, electrostatic forces between the particles are
also conceivable, which lead to the formation of agglomerates with increasing mixing
energy [71,72], even though these forces were not studied in this work. Furthermore,
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the mixing duration has a greater influence on the bulk and tap density than the mixing
intensity. The influence of the mixing intensity only became apparent from a mixing
duration of 48 h. This observation is due to the low density of polymer powders [11].
In addition, the mixing process has a stronger effect on the bulk density than on the tap
density. This is due to the characteristic of the determination of the tap density according
to DIN EN ISO 787-11:1995-10 [64]. While the powder flows freely when determining
the bulk density, the powder is excited when determining the tap density. This could
dissolve initial agglomerates and mechanical interlocking of the particles caused by the
mixing process. Moreover, the powder is strongly compacted, so that the influence on the
powder density becomes visible especially when the powder flows freely. An influence of
environmental conditions such as temperature and humidity on the flow behavior is not to
be expected [14,18,19]. This is due to the mixing process and the powder analysis being
carried out under constant environmental conditions of 23 °C and 50% relative humidity.

3.5. Identification of Suitable Mixing Parameters

Based on the findings, it is obvious that high mixing energies have an effect on the
powder characteristics. In particular, long mixing times should be avoided in order to
ensure gentle mixing of the polymer powders. According to Figure 7, a decrease in bulk
density occurred after a mixing time of 4 h, which is outside the standard deviation of
the reference material. Therefore, a shorter mixing time is preferred. The limitation of
the mixing time has been confirmed by various studies [43,45-47,49], which all consider
a mixing time of a few minutes up to 1 h to be suitable. In order to achieve a sufficiently
long mixing time without influencing the powder characteristics at the same time, a mixing
time of 1 h is preferred. Although the mixing intensity has no measurable influence on the
characteristics of the powder at a mixing time of 1 h, a minimum mixing intensity of 15 rpm
is preferred in order to achieve the gentlest mixing of polymer powders. The limitation
of the mixing intensity is also consistent with various studies [43,47,48]. Regarding a
comparable resulting mixing energy, other combinations of mixing duration and mixing
intensity can also be evaluated as suitable, as long as the mixing duration of 1 h is not
exceeded.

4. Conclusions and Outlook

In order to compensate the influence on material characteristics and component
properties due to ageing effects, powder already being used in the process is refreshed by
adding new powder [4,11,24,51,52]. Basically, the fraction-based mixing of a defined ratio
of new to recycled powder mentioned in Gibson et al. [2] must therefore be preceded by
the selection of suitable mixing parameters. The aim of the work was to investigate the
influence of the mixing parameters on the powder characteristics and to identify parameters
that are gentle on the mixed material. The focus of the investigation was on the particle
shape and PSD as well as on the bulk and tap density. The key conclusions are summarized
as follows:

e A tumbling mixer for gentle mixing of a selected polyamide 12 sintering material was
identified;

e  The sphericity and aspect ratio increased with rising mixing energy by up to 1%.
The mixing intensity had the stronger influence on the form factors than the mixing
duration. Low mixing energies did not lead to any measurable change in the form
factors;

e  The particle size increased with rising mixing energy due to the formation of agglom-
erates, while the fine particle fraction decreased. In particular, mixing durations of
48 h and upwards resulted in an increased particle size of up to 4%. Low mixing
durations did not measurably influence the particle size;

e  The powder density decreased primarily with increasing mixing time. Here, the bulk
density was more strongly influenced than the tap density. Starting from a mixing
duration of 4 h and a mixing intensity of 44 rpm, there was a change in the powder
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density that lies outside the standard deviation of the reference material. For mixing
durations of more than 48 h, the mixing intensity also had an influence. The powder
density was influenced by growing particle agglomerates and deformations;

e A maximum mixing time of 1 h and a maximum mixing intensity of 15 rpm are
considered to be suitable for the mixing of polyamide 12 sintering material. The
mixing parameters caused a decrease of the bulk and tap density of maximum 1.5%
and an increase of the particle size characteristics of maximum 2%. The form factors
were influenced by less than 1%;

e  The mixing time of 1 h and the mixing intensity of 15 rpm ensured that the powders
were mixed homogeneously and gently.

However, even if the investigations carried out ensure that the powder fractions
are mixed in a way that is gentle on the mixed material, this work creates opportunities
for further investigations. In order to validate the result and confirm the increase of the
form factors, further investigations with higher mixing energies have to be carried out.
In addition to the analysis of bulk density and tap density, further investigation methods
for the analysis of the powder flow could also be considered. Various possibilities for
determining the powder flow were mentioned in Schulze [14]. Although an influence trend
of the mixing parameters can be recognized for almost all investigated powder properties,
the change of the properties at low mixing energies is predominantly within the standard
deviation. Future studies with more extensive sample size could manifest the validity of the
results. Furthermore, it is necessary to investigate the influence of the mixing process on the
expression and degradation of stabilizers and additives in the powder [11] as well as on the
triboelectric properties of the powder [71,72]. It is also required to investigate the influence
of the identified mixing parameters, which are gentle on the mixed material, on the powder
and component properties during the cyclic reuse of the powder in the SLS process. As a
result, further conclusions can be drawn about the degree of homogeneity of the powder
mixture and the preservation of the mixed material during cyclic, fraction-based mixing.
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