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Abstract

Additively manufactured parts consisting of polymer powders blended with carbon black have increased protection
against ultraviolet radiation and thus are beneficial for applications involving intensive exposure to sunlight. However, this
powder blends are challenging to be processed in laser-based powder bed fusion of polymers (PBF-LB/P) due to their high
absorptivity of infrared radiation. Thus, precisely tailoring the energy input provided by a CO,-laser is crucial for enhancing
process stability for processing highly absorptive polymers. Adapting the laser energy input by applying advanced
irradiation strategies offers the possibility to tailor the temperature profiles during PBF-LB/P process. In this study, the
effect of advanced laser irradiation strategies with pixel-encoded energy densities on the adaption of the temperature
profile of polymer powders blended with carbon black is investigated. Finally, irradiation patterns are defined to achieve
spatially tailored temperature profiles across the powder layer for demonstration the capabilities of the developed
scanning strategy.
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1. Introduction

Laser-based powder bed fusion (PBF-LB), compared to other additive manufacturing (AM) technologies,
offers the significant advantage of a diverse choice of materials, including polymers, metals, ceramics, and
composites (Han et al., 2022). Composites include polymer-metal, polymer-polymer, polymer-ceramic, and
purely ceramic materials (Diegel et al., 2019; Kruth et al., 2003). Currently, polymers and metals are commonly
used and popular materials for PBF-LB (Leary, 2020). PBF-LB/P has the additional advantage that sintered parts
have mechanical properties comparable to those of solid components fabricated by injection molding or
casting, mainly because of the powerful interfacial adhesion of the layers created during sintering (Athreya et
al., 2011a; Van Hooreweder et al., 2013; Zhu et al., 2015).
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Some studies have focused on the addition of reinforcing materials to improve various characteristics of
sintered plastic parts (Caulfield et al., 2007; Ho et al., 1999; Shi et al., 2008). They have reported on the
effective enhancement of thermal and electrical properties of sintered parts by incorporating fillers into neat
PA12. These fillers include nano-sized carbon black (Athreya et al., 2010, 2011b), carbon fiber (Yan et al., 2011),
and other electrically or thermally conducting materials (Fantino et al., 2018; Li et al., 2017). For many years,
carbon black has served as a recognized light-stabilizing additive in different polymers. It is thought to act as a
basic physical screen, an UV absorber and a terminator of free radical chains, which propagate photo-oxidative
reactions (Hawkins, W. L., 1960, 1963). Therefore, it is important to be able to sinter the powder blends
containing additives in the form of carbon black in the PBF-LB/P process.

However, the presence of carbon black particles in base polymer powder increases CO, laser radiation
absorption during sintering as carbon black acts as an infrared absorbing additive (Wagner et al., 2004), which
can lead to local overheating and an increase of thermal stresses in the sintered layer during PBF-LB/P process.
Therefore, creating a composite blend containing carbon black and polymer particles changes the behavior of
the temperature profile during sintering of the powder mixture and cause sintering inconsistencies and leading
to defects such as cracking, warping and delamination (Rong-ji et al., 2009; Singh et al., 2012).

The authors (John D williams & Carl R. Deckard, 1998; Manshoori Yeganeh et al., 2019; Shen et al., 2021)
showed that the use of a conventional meander scanning strategy and constant laser energy density (power,
scanning speed and hatch distance are constant) during sintering of the powder layer leads to non-uniform
temperature distribution, which in turn reduces the quality of the part due to the presence of different thermal
stress in different areas of the part. Especially during processing of powder mixtures with higher infrared
absorptivity the inhomogeneity of the temperature distribution will be more pronounced. Hence, it is
imperative to develop a laser energy density control method to effectively minimize temperature deviations
across various regions during sintering a single powder layer.

With the increasing complexity of products, the need for parts consisting of multi-materials is becoming
more and more important in industry. Therefore, for the simultaneous sintering of different powders with
different melting temperatures it is necessary to be able to tailor the laser energy density and accordingly the
temperature profiles. The authors (Laumer et al., 2014) used two laser sources to create a part consisting of
multiple materials. The first laser additionally distributed the required preheating temperature of the higher-
melting polymer, and the second laser distributed the energy required to melt the two preheated powders
simultaneously. This approach is complex and resource-intensive because it requires two laser sources.

The presented work, for the first time, will investigate laser irradiation strategy with the possibility of
manipulating the energy density during sintering of a single powder layer. To determine the suitability of the
investigated scanning strategy in the PBF-LB/P process, the temperature profiles and densities of the sintered
layers generated by the developed scanning strategy will be compared with the well-established scanning
strategy for powder sintering process. Finally, the capabilities of the developed scanning strategy in terms of
creating and tailoring arbitrary temperature profiles or in other words tuning the laser energy density within
a single layer will be demonstrated on a polymer powder mixed with carbon black.
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2. Materials and Methods
2.1. Experimental setup

The decisive parts of the experimental setup are the building chamber of the setup for laser-based powder
bed fusion of polymers (PBF-LB/P) (Stichel et al., 2020), the adjustable film applicator, the laser source and the
infrared camera. The powder layer was prepared using an adjustable film applicator (Thierry GmbH, Stuttgart,
Germany) similar to the doctor blade applicators which are used in PBF-LB/P process (see Fig. 1). The
adjustable film applicator allowed to precisely control the thickness of the powder layer, which is critical for
the experimental investigations. A uniform layer of powder was evenly spread on the building platform,
ensuring a consistent thickness of 400 um using the film applicator. Such layer thickness imitates the first layer
in the PBF-LB/P process because the first layer is always thicker than the subsequent layers, which are typically
100-150 um (Han et al., 2022).

Adjustable film
applicator

Building platform

Fig. 1. Preparation of the powder layer on the building platform with an adjustable film applicator

The equipment for sintering powder layer consisted of a CO,-Laser with a maximum output power of 60 W
(Synrad ti60, Novanta Photonics, Seattle, WA, USA) and a laser scanner (Miniscan 1I-20, Raylase GmbH,
Welling, Germany) as well as a F-Theta lens with a focal length @ = 420 mm (Raylase GmbH, WeRling,
Germany). During the sintering process, the temperature was monitored using an infrared camera (Millenium
1310k SM PRO, IRCAM GmbH, Erlangen, Germany). The infrared camera provided non-contact temperature
measurements, allowing for real-time monitoring of the temperature profiles across the powder layer during
the sintering process. Experimental investigations in this paper were carried out using black pigment-filled
polyamide 12 powder (PA2202, EOS GmbH, Krailling, Germany).

2.2. Creation of pixel-encoded scanning strategies (PESS)
WeldMARK 3.0 software (Raylase GmbH, WeRling, Germany) was used to create scanning strategies for

sintering the powder layer. First and foremost, the meander scanning strategy (MSS) was created by well-
established vector approach for PBF-LB/P (Han et al., 2022; RaylaseAG, 2014). In this case, the laser beam
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follows a meandering pattern moving the beam back and forth along parallel scanning lines separated by hatch
distance across the powder layer to selectively fuse the particles together (Han et al., 2022). Thus, the energy
density applied to the powder layer remains constant, since the laser power, scanning speed and hatch
distance remain unchanged during irradiation process.

However, weldMARK 3.0 software also allows to mark bitmap objects, which are rectangular groups of
pixels. Thus, bitmap approach makes it possible to integrate bitmap images such as logos or custom graphics
into the marking process. In contrast to the vector approach, the laser beam irradiates the surface pixel by
pixel based on the bitmap image's matrix. The laser energy density is modulated according to the intensity
value of each pixel in the bitmap image during laser marking process (RaylaseAG, 2014). In this work, grayscale
image will be used as a scanning strategy for sintering a powder layer in the PBF-LB/P process. The advantage
of such pixel-encoded scanning strategy (PESS) is the possibility to tailor the energy density during the sintering
of a single powder layer. In this way, the energy density can be encoded into the 256 shades (values) of gray
pixels that make up the grayscale image. Each shade of gray pixel represents the intensity value of that pixel.

In the case of MSS, parameters as the shape and size of the sample’s cross section (created by vector
approach), laser power, scanning speed and hatch distance are mandatory. While in the case of PESS,
additional parameters are added, such as the size of the sample’s cross section in pixels (created by bitmap
approach), intensity value of pixels, dots per inch (dpi), maximum pixel exposure time (ty,ax pg) @and minimum
pixel exposure time (tyinpe) (see Table 1). In case PESS, the hatch distance is determined by adjusting the
parameters, encompassing the size of the sample's cross-section in pixels and dpi and was set to 0,15 mm.

Table 1. Parameters of investigated scanning strategies

Power, Scanning Hatch Shape Size, mm  Sizein pixels  dpi tmax PE » MS Emin PE» MS
w speed, MM/ distance, mm
MSS 51 85 0,15 Square 15x15 - - - -
PESSO 51 - - Square 15x15 38x38 171 1500 0
PESS1 51 - - Square 15x15 38x38 171 1250 250
PESS2 51 - - Square 15x15 38x38 171 1250 250

The key parameters in case of PESS are the intensity value of pixels, ty.xpr @and tmin pg, Which in turn
replace the use of the scanning speed parameter in the case of MSS. For example, if the grayscale image
consists of pixels with three intensity values (0 - black pixel, 128 - gray pixel and 255 - white pixel) and the time
parameters ty,axpE = 2000 ps, tmin pr = 1000 ps are used, then the black pixel will be exposed to laser radiation
for 2000 ps, the gray pixel for 1500 ps and the white pixel for 1000 us, while keeping the laser power constant.
Therefore, by using PESS it was possible to tailor the temperature profile in the limits of the sintering of a
single powder layer. In the presented work, four scanning patterns (see Fig. 2) were investigated.

a b c d

—

Fig. 2. Investigated scanning patterns; a) MSS; b) PESSO (all pixels are black [intensity value = 0]); c) PESS1 (half of the pixels are black
[intensity value = 0] and half of the pixels are gray [intensity value = 48]); d) PESS2 (pixels in the central region are black [intensity
value = 0] and pixels in the side regions are gray [intensity value = 48])
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2.3. Measurement of temperature profile of single powder layers

The measurement of the temperature profile of sintering powder layers was carried out using IRCAM Works
software (IRCAM GmbH, Erlangen, Germany) with data recording frame rate per second f;.. = 100 fps. The
thermal imaging system allowed determining the temperature profiles in the x-y plane of the powder layer.
The melting temperature of the PA 2202 powder is specified by the powder manufacturer as 176 °C. Based on
this data, the integration time (t;,;) was set to 50 s, since according to the specifications of the infrared
camera manufacturer, this integration time is necessary for correct measurement of temperatures in the range
from 50 °C to 175 °C. Figure 3 illustrates IRCAM Works software interface with a template for measuring the
temperature profiles (in five measuring points) of sintering powder for defined scanning strategies.
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Fig. 3. IRCAM Works software for measuring temperature profiles

The room temperature during the experiments was 30 °C. In order to measure the temperature of the
PA 2202 powder during laser sintering, the emissivity set for measuring the surface temperature of powder
layer was adjusted to 0.95 (Wegner, 2015). During the sintering process of the powder layer, the software
recorded temperature and time data at five defined measuring points (see Fig. 3) for further analysis. The
square contour corresponds to the sintering area of the powder bed.

2.4. Analysis of sintered layers structure

Images of the sintered layers were taken with a camera (Iphone 8 Plus, Apple Inc., CA, USA) with a resolution
of 4032 x 3024 pixels. In order to evaluate the structure of sintered powder layers irradiated with different
scanning strategies an image processing program (ImagelJ, National Institutes of Health, Bethesda, MD, USA)
was used. By converting a color image into an 8-bit image and applying the triangle thresholding method
(Papadopulos et al., 2009) to convert the 8-bit image into a binary image, it was possible to quantify the density
of the sintered layers. The ratio of black (sintered regions) and white (un-sintered regions) pixels in three
equally distributed rectangular areas within the sintered layers, yielded the corresponding mean density of
the sintered layer as well as standard deviation.
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3. Results and Discussion
3.1. Temperature profile comparison of MSS and PESS

To evaluate the effect of different scanning strategies on the temperature profile during powder sintering,
two distinct scanning strategies (MSS and PESS) were compared. The purpose of this investigation was to
determine the PESS and its parameters in order to achieve a similar temperature profile to the MSS. The
similarity of the temperature profiles proves that PESS is also applicable to the PBF-LB/P process and allows
further adaptation of the temperature profiles during sintering of the powder bed. Powder preheating was
not required during the experiments because only single layers were investigated. Figure 4 illustrates the
temperature profiles measured at five points for MSS and PESSO (cf. parameters of scanning strategies in Table
1). Remarkably, despite their differences, both scanning strategies resulted in identical temperature profiles,
indicating similar thermal behavior of the powder layer throughout the sintering process.
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Fig. 4. Temperature profiles caused by different scanning strategies measured at five points; a) MSS; b) PESSO

For MSS, the temperature profile of measuring point 'd' experiences the highest peak temperature,
reaching a value of 144.84 °C. On the other hand, among temperature profiles of five measuring points, point
'a' exhibits the lowest peak temperature, measuring at 141.11 °C. For PESSO, the temperature profile of
measurement point 'a' has the highest temperature (140.98°C) and measurement point 'e' the lowest
temperature at its peak (135.18 °C) compared to the remaining measurement points. The slightly higher peak
value of the temperature profiles in case of MSS compared to PESSO can be caused by the spatial positioning
of the scanning patterns in the weldMARK 3 software. The reason is that the two scanning patterns can be
offset with respect to the defined measuring points in Works software and the higher temperature is detected
if the scanning paths of the laser beam are closer to the measuring points. It is worth noting that the
temperature detected by the infrared camera is much lower than the melting temperature of the powder.
There are several reasons that can explain this temperature difference.

e The observed outcome of processed powder layer was only slightly sintered. This binding mechanism is
called solid-state sintering where the target temperature is set between the melting point (M) of the
material and Mp/2 (Fina et al., 2018). The amount of laser energy employed during the sintering process
was below the threshold required to achieve complete sintering. Complete sintering of the powder layer
without preheating would have led to the greater thermal stress and significant deformation of the powder
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layers (Yan et al., 2021), which in turn would have led to difficulties in estimating the density of the powder

layers.

¢ Intheinfrared camera settings, the emissivity factor of the powder is set before starting the measurements
and remains constant (0.95) during the measurements without the possibility of readjustment. A significant
change of the emissivity during the phase transition between solid and molten powder also leads to
inaccurate temperature measurements (Laumer et al., 2014). The use of multi-wavelength pyrometer could
measure emissivity in real time and confirm the correct temperature measurement conditions.

e During the sintering process, heat can dissipate from the powder layer, especially if it is not well-insulated
(experimental conditions: a 400 um layer was applied to the building platform made up of steel). The heat
dissipation to the building platform can lead to lower recorded temperatures than expected, even though
the powder layer is sintered.

Notably, the irradiation time of the powder layer using MSS and PESSO was approximately the same and
was 2.88 s and 2.90 s, respectively. When using PESSO, the irradiation time can be fine-tuned for each pixel by
adjusting the parameters t;,.xpg and tomin pE-

Figure 5 shows the results of sintered layers after irradiation with two scanning strategies. Based on the
guantitative analysis, it can be deduced that the MSS approach resulted in 97.86 £ 1.06 % of sintered layer
density (percentage of black pixels within sintered layer). In turn, the PESSO strategy yielded a sintered layer
density of 98.11 £ 0.26 %. The identical density of the sintered layers also confirms the similarity of the
temperature behavior during powder sintering process using MSS and PESSO.

Fig. 5. Sintered single layers; a) applying MSS; b) applying PESSO; c) applying MSS (processed); d) applying PESSO (processed)

The obtained results allow to conclude that the PESS can also be used in the PBF-LB/P process for sintering
powder layers. Consequently, subsequent studies were conducted to tailor the temperature profiles using the
developed scanning strategy.

3.2. Tailoring temperature profiles within single layer

In order to demonstrate the ability of the developed scanning strategy to adjust the temperature profiles
within a single layer, PESS1 and PESS2 were implemented. Using PESS1 and PESS2 (cf. Fig. 2 and Table 1), the
temperature profiles shown in Figure 6 were obtained. Two intensity values of pixels were encoded in PESS1.
The first half of the scanning strategy contained black pixels (intensity value - 0), and the second half contained
gray pixels (intensity value - 48). The irradiation time of PESS1 (2.36 s) decreased compared to PESSO (2.90 s)
because the irradiation of gray pixels is faster, thus confirming the decrease in delivered energy density. In the
upper part of the sintered layer (measuring points T_a, T_b), the maximum temperature reached is 141.52 °C
and 135.11 °C, respectively (Fig. 6, a). In the middle of the sintered layer (measuring point T_c), in the transition
zone of black pixels to gray pixels of the scanning strategy, the measured temperature peak is recorded at
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126.21 °C. At the lower part of the sintered layer (measuring points T_d, T_e) the maximum temperatures of
the profiles reached 120.49 °C and 117.40 °C, respectively. The resulting temperature profiles exhibit a strong
correlation with the appearance of the sintered single layer as depicted in Figure 6 (a). It can be observed that
in the upper region of the layer, a higher amount of thermal energy was imparted to the powder particles,
resulting in enhanced particle bonding and the manifestation of a darker coloration within the powder layer.
While, the lower region of the powder layer experienced relatively weaker sintering, leading to a lighter
coloration of the powder layer.
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Fig. 6. Resulted temperature profiles of different PESS; a) PESS1 (cf. Fig. 2, (c) and Table 1); b) PESS2 (cf. Fig. 2, (d) and Table 1)

Similar to the PESS1 scanning strategy, the development of PESS2 aimed to showcase the capability of the
newly devised scanning approach in generating more intricate temperature profiles. In the middle region of
the PESS2, black pixels (intensity value - 0) are present, while the lateral areas consist of gray pixels (intensity
value - 48). The sintered layer's central area (measuring point T_c), exhibited the highest temperature peak of
137.48 °C, as depicted in Figure 6 (b). In contrast, the side areas (measuring pointsT_a, T_b, T_d, T_e) displayed
maximum temperature values ranging from 116.60 °C to 121.39 °C in the temperature profiles. Furthermore,
Figure 6 (b) visually indicates the resemblance between the appearance of the sintered layer and the applied
PESS2.

Conclusion

The high absorptivity of certain polymer powders can result in enhanced heat accumulation and potential
thermal damage, especially at the surface of the powder bed. Excessive localized heating can lead to melting,
degradation, or undesirable chemical reactions within the polymer material, compromising the structural
integrity and overall quality of the fabricated parts. The investigated scanning strategy enables the creation
and tailoring of nearly arbitrary temperature profiles within a single layer during the PBF-LB/P process. This
scanning approach serves as an effective means of controlling energy density to prevent heat accumulation
during powder layer sintering. Consequently, it provides an additional degree of freedom for regulating energy
density within a single layer, which proves crucial, particularly when processing highly absorptive polymers
that are susceptible to infrared radiation and prone to overheating.

Furthermore, the pixel-encoded scanning strategy exhibits potential for application in the PBF-LB/P process
for fabricating multi-material parts. This stems from the fact that different polymer powders may possess
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distinct sintering points, necessitating precise adjustment of the applied energy density within each layer to
achieve sufficient sintering for each individual powder. By offering the capability to precisely control energy
density, the scanning strategy can facilitate the successful integration of multiple polymer powders, thereby
enabling the generation of multi-material parts with desirable characteristics.
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