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AAbstrbstractact.. Powder bed additive manufacturing allows for the production of fully customizable parts and is of

great interest for industrial applications. However, the repeatability of the parts and the uniformity of the

mechanical properties are still an issue. More specifically, the physical mechanism of the spreading process of

the powders, which significantly affects the characteristics of the final part, is not completely understood. In

powder bed fusion technologies, the spreading is performed by a device, typically a roller or a blade, that collects

the powders from the feedstock and successively deposits them in a layer of several dozens of microns that is

then processed with a laser beam. In this work, an experimental approach is developed and employed to study

the powder spreading process and analyze in detail the motion of the powders from the accumulation zone

to the deposition stage. The presented experiments are carried out on a home-made device that reproduces

the spreading process and enables the measurement of the characteristics of the powder bed. Furthermore,

the correlation with the process parameters, e.g., the speed of the spreading device, is also investigated. These

results can be used to obtain useful insights on the optimal window for the process parameters.

KKeeywyworordsds. Powder Bed, Additive Manufacturing, Experimental, Laser Powder Bed Fusion

1 Intr1 Introductionoduction

In the latest years Laser Powder Bed Fusion (LPBF) has affirmed as the go to additive technology for the production

of parts for critical applications in fields such as the aerospace and biotech industry [1]. It enables the production

of fully customizable parts with respect to both the geometrical features and the mechanical properties. Despite

the indisputable advantages listed before, some issues still prevent the additive manufacturing from expressing its

full potential as a revolutionary manufacturing technology. More specifically, the repeatability of the parts and the

uniformity of the mechanical properties throughout the printing chamber are still not fully guaranteed and defects

due to a non-optimal selection of the parameters are still not completely addressed [2]. The aforementioned issues

can result in a diminished technological and economic reliability of the process. In the authors opinion the root cause

of all the described issues can be found in the often overlooked first stage of the printing process: the spreading and

deposition of the powder bed. In fact, a powder bed with uneven characteristics (e.g., packing factor, powder size

distribution, effective layer thickness) throughout its area makes it impossible to select the optimal value of the laser

parameters (i.e., hatch spacing, power and so on) for the entirety of the printing chamber. At the same time, a deeper

understanding of the influence of the spreading parameters (i.e., recoating device's speed, layer thickness, the total

quantity of powder to be spread for each layer) on the state of the powder bed can lead to a proper selection of the

parameters in order to attain overall better characteristics of the finished part.
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There are a great number of studies on the influence of the laser parameters on the mechanical properties of the

printed parts [3], but very few focus on the study of the powder bed in its loose state. Some studies [4] [5] use a

numerical approach to identify the influence of the spreading parameters, however such an approach, whilst being

fundamental to identify the spreading mechanism on a particle scale cannot offer an accurate modelling of the process

in its full scale. Therefore, in order to properly identify the influence of the spreading parameters an experimental

analysis is needed. Presently, a complete procedure for the experimental investigation of the powder bed in its loose

state is still lacking, Ali et al. [6] proposed an approach based on the use of a UV cured polymer to "freeze" the particles

and perform successive ex-situ analysis, Liu et al. [7] designed a container and printed it to measure and analyze the

powders trapped inside it. The described approaches, while giving insight on some aspects of the process still have

some limitations. It is impossible to determine a priori the volume of powders trapped by the polymer, and that the

addition of the polymer will not cause a rearrangement of the deposited powder. At the same time, the presence of

the printed part will probably influence the spreading process. Some researchers [8] [9] focused their attention on the

in-situ monitoring of the spreading process via image analysis during the printing, which enables to monitor faulty

operating conditions and the formation of defects but fails to fully isolate the influence of the spreading parameters.

In order to address the described issues, the authors propose a more organic, direct and faster experimental approach

aimed at identifying the key characteristics of the powder bed and to correlate it to process parameters and to the zone

of the powder bed investigated. A deeper understanding of the spreading process is of key industrial interest since a

slight modification in the layer thickness or the spreading speed can dramatically affect the productivity of the printing.

More specifically, being able to select a faster combination without sacrificing the quality of the powder bed and hence

of the final manufact.

2 Mat2 Materials and methodserials and methods

2.1 The po2.1 The powwdersders

The powder selected for the experimental investigation is aluminum, a common material for additive manufacturing

applications. The powders were characterized via microscope analysis. An image obtained via a Hitachi TM 3000

tabletop scanning electron microscope (SEM) of the powders is presented in Fig. 1. It can be noted that the selected

powders have a low level of sphericity and a rather broad dimension range. These characteristics are typical of recycled

powders, powders that have been used in several 3D printing jobs [10]. In fact, due to the high price of said powders,

the reuse is mandatory to avoid the skyrocketing of the process' cost. These powders will presumably hinder the

spreading process to some extent. In this way, a reference for the attainable characteristics of the powder bed will be

set, for future comparison.
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Fig. 1 SEM image of the poFig. 1 SEM image of the powwders (250X)ders (250X)

2.2 The e2.2 The experimental dexperimental devicevice

The experimental analysis of the powder bed that will be presented in the next sections were carried out on a purposely

designed experimental device. The device, presented in Fig. 2 faithfully reproduces the powder spreading module of

an actual 3D printer, namely a Concept laser M2 cusing based on the laser powder bed fusion technology in order to

guarantee that the spreading conditions are the same as a real printing process. It consists of two plates: one where

the powders are deposited in a thin layer to be processed by the laser source and one for the feedstock of powders

that supply new material for the successive layers. Both of those two plates can be adjusted independently via a pair

of micrometric screws, enabling to vary the ratio between the quantity of powder required for the layer and powder

provided by the feedstock. The spreading itself is performed by a recoater, in this case a vertical blade made of a soft

rubber material, whose speed can be adjusted in the range between 100 mm/s and 10 mm/s. Said range was deemed

sufficient to analyze the effects of the recoating device speed on the spreading process because higher velocities are

not standardly used in the real 3D printer the device was derived from while velocities lower than 10 mm/s are of no

industrial interest since the overall duration of the process would be negatively affected.

The temperature of the building plate is monitored and regulated in order to minimize the impact of the external

conditions. The whole apparatus is placed in a closed chamber in order to isolate the device from the external

environment and for safety reasons. The operating conditions of the device can be monitored via a LED display. As

mentioned before, the powder bed can be characterized by several features. The characteristics chosen in this work

are the density of the powder bed and its surface morphology. In the next sections the experimental approach used to

obtain said characteristics will be discussed.
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Fig. 2 Experimental sprFig. 2 Experimental spreading deeading devicevice

2.3 P2.3 Packing facking factactoror

In order to identify the packing factor of the powder bed in the location of interest a sampling device (presented in Fig.

3) was specifically designed for the sampling of the shallow powder bed consisting of only 15 layers. The described

device was carefully weighted with a precision balance before and after the sampling and was carefully cleaned

between each sampling to remove any leftover powders.
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Fig. 3 Sampling deFig. 3 Sampling device (a) and its 3D design (b)vice (a) and its 3D design (b)

2.4 La2.4 Layyer morphologyer morphology

Having a layer of powders with a strongly discontinuous surface is not advisable since it can disturb the interaction with

the laser during the printing process and implies that the mass of powder is strongly in-homogeneously distributed.

In order to identify and obtain a quantitative measurement of this parameter the following procedure was followed:

using a Wi-Fi microscope (MICFIT6) and a custom support an in-situ snapshot of the zone of interest (a 1mm x 1mm

square) of the powder bed was captured as shown in Fig. 4. A relatively small area was chosen for the acquisition in

order to deny to some extent higher-order disturbances of the powder bed. The choice of the Wi-Fi microscope was

justified from the possibility to investigate the powder bed in situ and without presumably altering the bed itself. The

so obtained images were then processed via an image analysis software (ImageJ) following an approach similar to that

of Than Puc et al. [11] the out area out of focus (and hence out of the intended deposition plane) was identified using

an edge detection algorithm and quantified.
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Fig. 4 Snapshot of a zone of the poFig. 4 Snapshot of a zone of the powwder bed and the rder bed and the result of the post presult of the post processingocessing

2.5 Experimental plane2.5 Experimental plane

The experimental approach described above was used to identify the effect of the variation of the spreading process on

the quality of the powder bed. A simple DoE was set up to investigate the effect of the variation of the layer thickness

and of the spreading device's speed. More specifically, the selected levels for the layer thickness were: 30 μm, 50 μm

and 100 μm. What drove the choice of the layer thickness values was the mean and bigger diameter of the particles. In

fact, there are no particles bigger than 100 μm and therefore with such a layer thickness value no jamming due to the

mechanical blocking of the space between the blade and the existing layer is to be expected, while for the 50 μm and

30 μm values the fraction of particles that can potentially give rise to the described jamming phenomenon increases

significantly. In this way the interaction between the particles' dimension and the overall effect of the layer thickness

can be enlightened. As for the recoating device's speed the selected level were: 60 mm/s 30 mm/s and 10 mm/s. 60

mm/s can be considered a standard speed for 3D printing applications while the other levels are fairly slower than

those used in industrial applications. More specifically, the 10 mm/s level is practically of no industrial interest due

to the negative impact on the duration of the printing process but was taken into consideration to better understand

the principles regulating the process. A summary of the combination of parameters used for the experiments is listed

in Table 1. In order to guarantee repeatability and to identify any variation in the powder bed along the spreading

direction, for each of the combinations the powder bed characteristics will be evaluated at four distinct locations,

namely the four corners of the building plate as shown in Fig. 5.
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Fig. 5 InFig. 5 Invvestigestigatated zones on the deposition plated zones on the deposition platee

TTable 1. Pable 1. Pararametameters of the eers of the experimentsxperiments

3 R3 Results and discussionesults and discussion

The next section will cover the results of the above-described experiments. More specifically, the attention will

be focused on the influence of the process parameters on the powder bed characteristics and on highlighting the

identified spreading mechanism. Fig. 6 shows the variation of the relative density (normalized with respect to that

of bulk aluminum) for different spreading speeds at a fixed layer for the "front" and "back” zones of the powder bed

(corresponding respectively to zone 1-2 and 3-4 in Fig. 5). It can be observed that a slower spreading speed appears

beneficial for a layer value of 100 μm while for a layer value of 50 μm and 30 μm a decreasing spreading speed

negatively affects the density of the powder bed. In the author's opinion the reason for the dependence can be found in
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the ratio between the layer thickness and the powder's maximum dimension. In fact, as can be seen from Fig. 1 there

are basically no particles bigger than 100 μm and therefore for that value of the layer said ratio can be considered

equal to 1 while for layers of 50 μm and 30 μm it surely is less than 1. In fact, for the last case the bigger particles

can act as a cap, blocking the space between the blade and the already deposited layer and can benefit from the more

dynamic action of a fast spreading speed, while for a sufficiently thick layer the spreading speed promotes a more

efficient deposition [12]. The change in the spreading mechanism is also confirmed by an observed shift in the forming

mechanism of the powder layer: for the lower values of the thickness the powder heap accumulated in front of the

blade only started to significantly decrease in the final zone of the deposition plate, while for the higher thickness value

it deceased monotonically. This hypothesis will be verified in upcoming works via a more specific set of experiments

and with a numerical approach, but it was worthwhile to point it out. Moreover, it appears that a thicker layer makes

it possible to achieve a denser powder bed. This further hints at a filtering effect of a smaller gap [13]. Anyhow, it

should be noted that a powder bed with an overall lower but more stable may be preferable compared to a powder

bed with higher peaks of density but more unevenly distributed. That appears to be the case in Fig. 6 (a) for increasing

speed levels.

Fig. 6 RFig. 6 Relatielativve density of the poe density of the powwder bed at "frder bed at "front" and "ront" and "rear" locations fear" locations for a laor a layyer of 100 μm (a), 50 μm (b) and 30 μmer of 100 μm (a), 50 μm (b) and 30 μm

(c)(c)

For what concerns the morphology of the deposited layer, the results are plotted in Fig. 7. While little to none influence
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of the process parameters emerges, contrary to what can be grasped from the literature [12,14], it is interesting to note

that for all the combinations of parameters the value of the in-focus zone has an average value that corresponds to

roughly half of the total area taken into consideration, and the out of focus zones are rather extensive, meaning that the

powder bed has a rather rough surface, with discontinuities and surface patterns that extend way beyond the typical

dimensions of the powders. This lack of dependence can be due to the high aspect ratio of the particles since it can give

rise to phenomena of mechanical interlocking between the particles that can affect the surface roughness.

Fig. 7 FFig. 7 Frraction of the in-faction of the in-focus zone focus zone for the set of eor the set of experimentsxperiments

4 Conclusions4 Conclusions

In this work an experimental approach for the characterization of the powder bed deposited in laser powder bed

fusion (LPBF) technologies was presented and used to investigate the influence of the process parameters on said

characteristics. The experimental approach proved to be valid in giving insights into the spreading process. The main

findings can be resumed as follows:

• A thicker layer promotes the deposition process and results in a denser powder bed.

• The recoating speed appears to have a beneficial effect for high values of the layer thickness, while it has a

detrimental effect for low values of the layer thickness.

• The surface of the deposited layer appears to be rather insensitive to the process parameters.

However, since said dependences appear to be related to the powder size and morphology, other experimental

campaigns with more control over these aspects and an extension of the experimental approach to include the analysis

of the variation of the particle size distribution (PSD) seem appropriate to verify the hypothesis here formulated.
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