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Development of a novel ultrasonically excited recoating system to process agglomerating powder.
Geometry optimization and definition of a process window for the new recoating system.
Investigation of the segregation long the recoated length.
Measurement of the powder layer density for various recoater systems.
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A B S T R A C T

Part quality in laser powder bed fusion is influenced by the uniformity and density of the powder layer. As a
result, requirements for the powder regarding spreadability and flowability are restrictive. Many researchers
reported recoating defects for cohesive and agglomerating powders. However, the processing of such powders
is highly desirable since e.g. surface roughness can be reduced. Therefore, we propose a novel ultrasonically
excited recoater system to process such powder. In order to qualify the new recoater system, five different
geometries with various amplitudes and recoating velocities were evaluated and compared to a conventional
system. The defect rate, determined with a camera and AI-based analysis, the deposited mass and segregation
along the recoated distance and the powder layer density of the resulting powder bed were analyzed. A process
window and optimal geometry could be identified. It was possible to reduce segregation to a minimum, while
maintaining a smooth, dense layer.
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1. Introduction

Laser powder bed fusion of metals (PBF-LB\M) allows near net
shape manufacturing of complex geometries. Powder bed based ad-
ditive manufacturing processes typically consist of three steps [1].
First, the powder feedstock is spread in a thin layer, which is called
recoating step. Second, the powder is partially or fully melted by a
heat source to create the cross section of the part in the current layer.
Third, the built platform is lowered by one layer thickness, typically
between 30 μm and 50 μm. The steps are repeated to form a part layer
by layer. Powder properties significantly influence process stability
and part quality in the first and second step of PBF-LB\M [2]. The
most influential properties are particle size distribution (PSD), particle
shape, chemical composition and flowability [3]. While the first three
properties do not influence each other, powder flowability, as a state,
is heavily influenced by all of them [3].

Up to now, many research has investigated the influence of the
PSD and particle shape on the PBF-LB\M process and resulting part
quality. A negative influence of coarse particles on the part density
and the quality of the powder bed was found for 316L [4]. However,
fine powders reduced recoatability due to agglomerates [2,5]. Inves-
tigations of [5] verified the influence of 316L powder with different
PSDs. Coarser particles lead to lower density due to increased spatter,
while fine powders with a 𝑑50 = 10 μm, 𝑑10, 𝑑50 and 𝑑90 representing the
particle diameters at 10%, 50%, and 90% in cumulative distribution,
did not exhibit sufficient flowability to be recoated. The powder could
not be spread in a smooth, even layer, instead agglomerates carved
deep and wide grooves into the powder bed. The powder layer forma-
tion and melting was simulated by [6]. Finer powder creates a more
even powder bed which is important to avoid defects in finished parts,
since they stabilize the meltpool. However, particles with a diameter
smaller than 10 μm tend to form unwanted agglomerates. The influence
of the PSD was also investigated for IN625 powder by [7]. The finest
powder investigated, with a 𝑑90 of 10 μm, could not be processed due to
agglomeration. The as-built surface roughness could be reduced with an
increased proportion of fine particles [8]. However, the investigations
were limited to processable powders. Seven 316L powders with differ-
ent PSDs were investigated by [2]. The mean particle size as well as
the width of the PSD was varied. A mean particle size above 38 μm did
influence the stability of the meltpool negatively. Larger particles tend
to increase fluctuation of the meltpool width. In contrast to [2,4,5,9]
concluded that coarser powders yield less porosity in the finished part.
Recoating issues occurred for fine powders as well [9].

A vibration assisted recoating process of the polymer PA12 was
simulated by [10], using the Discrete Element Method. The powder
bed porosity could be reduced by up to 13.2% in comparison to a
conventional recoater. However, only a spreadable polymer powder
was investigated and only simulation studies were carried out.

Despite the research carried out to investigate the relation between
the PSD and the resulting part density, there still is a gap in knowledge
present. Up to now, the processing of fine powders remains challenging.
A sufficient flowability is required in order to spread the powder
in thin layers during PBF-LB\M. It is difficult to carry out detailed
investigation of the relation between layer and part quality and the
influence of fine powders due to heterogeneous layers and agglomerates
that form during the processing of fine particles. To the best knowledge
of the authors all researches were limited to sufficiently well flowing
metal powders or recoating defects and inhomogeneities influenced the
results.

In this study, a novel recoating process using ultrasonic excitation
is proposed to enable the processability of agglomerating and poor
flowing powders. First, the used powders are described. Second, the
principal of the new recoating system is described in detail. Since the
recoating system has never been used before, a comprehensive study on
the influence of the recoater geometry, the recoating speed and the am-
2

plitude of the recoater is carried out. Achievable quality of the powder
Fig. 1. Particle size distribution of powder A and of powder B plotted as cumulative
mass distribution Q3 and the mass density distribution p3.

bed, the potential effect on segregation along the recoating direction
and a process window are not yet known and will be investigated.
Therefore, two different 316L powders are compared. One processable
with a standard rubber lip recoater, representing the industry standard
and one forming severe agglomerates due to a wider PSD including
finer particles. For fines particles below 20 μm, Van-der-Waals forces
become relevant in relation to the gravitational forces [11,12]. The first
will be referred to as powder A. The second is representing a resource
efficient powder since none of the around 25% fine particles smaller
20 μm produced in the atomization process were removed. This powder
will be referred to as powder B.

2. Material and methods

2.1. Powder properties

In order to produce the powder, three batches of 316L were at-
omized with a Gas-Atomiser AUG 13 000 from BLUEPOWER CASTING
SYSTEMS. The three batches of raw powder were mixed and sieved
with a mesh size of 63 μm to remove the particles too large to be
processed. The powder was then the split into two batches. The first
was used in the state with only the particles larger than 63 μm removed.
Due to the presence of fine particles Van-der-Waals forces were relevant
in comparison to the gravitational force [11,12]. Therefore, powder B
was strongly cohesive and agglomerates heavily. For the second batch,
particles with a diameter smaller than 20 μm were removed with an
Air Classifier AC 1000 G from BLUEPOWER CASTING SYSTEMS. The
chemical composition was measured for powder A by the BDG-Service
GmbH and is shown in 1. Only the oxygen content was measured
for both powders since the specific surface is larger for fine particles,
present in powder B, and oxides tend to form on the surface of particles
during the cooling [13].

The PSDs of both powders were measured with a Camsizer X2
(Retsch Technology GmbH) using a dispersion pressure of 20 kPa to
separate agglomerates into individual particles. The Camsizer uses two
cameras, one with a small magnification to capture a sufficient numbers
of large particles and one with a large magnification to resolve the small
pictures. To quantify the size of particles, the measurement xarea was
used. xarea describes the diameter of a circle with the same area as the
area of the analyzed particle and correlates well with the results of the
air classifier. However, the mesh size of the sieve correlates better with
the minimum length of a particle. The cumulative mass distribution Q3
and the mass density distribution p3 can be seen in Fig. 1.

The span 𝑆 = (𝑑90 − 𝑑10)∕𝑑50 represents the width of the Gaussian
distribution [14]. The 𝑑10, 𝑑50, 𝑑90 and span values are shown in
Table 2.

Powder B had a larger span due to the particles smaller 20 μm and
the same mesh size used to remove particles larger than 63 μm. The d10
of powder A matched the aim of 20 μm, since xarea is used to measure
the particle diameter. The d was 4 μm smaller than the mesh size.
90
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Table 1
Chemical composition of the powders in %. Only the Oxygen content was measured for both powders separately.

Alloy Fe C Cr Ni Mo Mn Si N O

Required Bal. ≤0.03 16.5–18.5 10.0–13.0 2.0–2.5 ≤2.0 ≤2.0 ≤0.1 –
Powder A 68.6 0.017 16.8 10.6 2.12 1.52 0.32 0.031 0.034
Powder B 68.6 0.017 16.8 10.6 2.12 1.52 0.32 0.031 0.048
Fig. 2. Comparison of the Q3 over the sphericity of powder A and powder B.

Table 2
Particle size distribution and span of both powders.

Powder d10 d50 d90 S

A 20.25 μm 33.55 μm 57.52 μm 1.111
B 9.96 μm 24.46 μm 49.62 μm 1.622

The sphericity is calculated by 𝑆𝑃𝐻𝑇 3 = 2
√

𝜋𝐴∕𝑃𝑟𝑒𝑎𝑙, where A is
the area and 𝑃𝑟𝑒𝑎𝑙 is the circumference of the particle. Both powders
consisted of mostly spherical particles as it can be seen in Fig. 2.
However, powder A was slightly less spherical than powder B.

The apparent and tap density were measured three times according
to ASTM B329-20 [15] and ASTM B527-22 [16] for both powders.
The Hausner Ratio was calculated as the ratio of tap to apparent
density [17]. The results will be presented in Section 2.2.4.

2.2. Recoating process

To investigate the recoating process an adjustable test rig, shown
in Fig. 3 was developed. The test rig consists of a spindle screw
drive (ELGC-BS-KF-80-300-16P, Festo) with a stroke of 300mm to drive
the recoater. A flexible interface, adjustable in two axes to align the
recoater to the build plate, was designed to mount different recoating
systems. The usable area of the build plate itself was 50mm wide
with grooves around to catch excess powder. It was mounted on a
microscope table to manually adjust the layer thickness with a precision
of 5 μm. The build plate can easily be changed depending on the
experiment. Glass windows on the top and front allowed an optical
observation of the recoating process. To recreate the recoating system
in a PBF-LB\M machine, the rubber lip used in an SLM280HL (Nikon
SLM Solutions AG) was cut to a length of 50mm and mounted with the
same principle as in the SLM280HL, as it can be seen in Fig. 4(c).

2.2.1. Ultrasonically excited recoating
The novel recoater process utilizes an ultrasonic excitation of the

recoater in order to overcome interparticular forces, like friction forces,
adhesion due to moisture [18], electrostatic forces [19], magnetic
forces [20] and Van-der-Waals forces [11,12]. Especially Van-der-
Waals forces become relevant for fine powders [11,12,21]. The effect of
ultrasonic vibrations on overcoming and reducing interparticular forces
and increasing the flowability of a powder has been shown by [22].
However, it has never been transferred to the recoating in PBF-LB\M.

The recoating geometry in contact with the powder, called
sonotrode, was designed to vibrate in resonance at 35 kHz. How-
ever, the resonance frequency of the manufactured sonotrodes differed
3

Fig. 3. Adjustable test rig to investigate the recoating process with different recoater
systems and experimental setups.

slightly with around 200Hz below 35 kHz, which is within the control
range of the generator. The aluminum alloy EN AW-7075 T6 was used
as a material to manufacture the sonotrode. The maximum amplitude
was at the tip of the sonotrode. The sonotrode vibrates in a pure
transversal motion at the tip, all bending and other eigenmodes were
not excited due to the geometrical design. The amplitude can be set
freely to a fixed value by the controller, the range is shown in Table 3.
During the recoating step, the sonotrode vibrates and transfers energy
into the powder. The hypothesis is to break agglomerates apart and
overcome interparticular forces of strongly cohesive powders, tempo-
rally creating sufficient flowability to spread the powder in a thin
layer.

2.2.2. Optical analysis of powder bed quality
In order to analyze the powder bed optically, various powder layers

were deposited on the test rig with the parameter settings listed in
Table 3. A flat build plate was used for the experiments.

A rubber lip and two sonotrodes were tested while each of the two
sonotrodes, named metal flat and metal sharp, had a different geometry
feature on each side. Therefore, in total five different recoating geome-
tries were compared. The recoaters are shown in detail in Fig. 4. Both,
powder A and powder B were processed with all five geometries.

For the rubber lip, acting as the reference system, no ultrasonic
excitation was possible, so only the velocity was varied. However, for
the sonotrodes the amplitude was varied in six steps between zero and
14.0 μm for the sharp one and 14.4 μm for the flat one respectively.
The chosen amplitudes were controlled by the ultrasonic generator.
The smallest amplitude tested, was limited by the generator. With the
sonotrodes, all possible combinations of amplitude and velocity were
investigated.

To spread the layer 7ml of powder were placed in front of the
sonotrode or rubber lip and distributed along the plate with a defined
speed. Excess powder was collected in grooves at the side of the
build plate as well as in the end of the plate. This ensures an evenly
distributed powder layer without lateral powder accumulations.

For the optical analysis of the powder layers deposited, an iDS
U3-3890CP Rev.2.2 camera with a Fujifilm HF2518-12M 25mm lens
was installed. The camera was installed centrally on the ceiling of the
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Table 3
Parameters and the according values that were investigated.

Blade Amplitude in μm Recoating velocity Amount of powder
geometry flat/sharp in mm/s in ml

Metal, flat r = 0.5 mm 0/0 50 2.5
Metal, flat r = 1.5 mm 6.0/5.7 100 4
Metal, sharp 60◦ 7.8/7.0 150 7
Metal, sharp 45◦ 9.8/8.3 200 11
Rubber lip 12.0/11.2 250

14.0/14.4 300
350
400
Fig. 4. Geometry of the tip of the sonotrode for (a) the sharp one with a 45° and a 60°
edge and (b) the flat geometry with two different radii with 0.5mm and 1.5mm radius.
(c) Rubber lip from SLM Solutions fixed in the aluminum beam. (d) Visualization of
the ultrasonic vibration for both sonotrodes.

test rig and faces down towards the build plate. To illuminate the
build plate, four LED strips were mounted on the ceiling of the test
rig, which can be controlled individually to achieve the most uniform
illumination of the powder layer. The camera delivers greyscale images
of 3000 × 4000 pixels. The distance of the camera to the surface of the
applied powder layer was 320mm, resulting in a calculated resolution
of the images of 26 μm∕pixel.

The software for automated evaluation of the visual quality of the
powder layers was implemented in Python utilizing the framework
PyTorch. A neural network was used to evaluate the images, similar
to [23]. The neural network consists of four convolutional layers, which
are suitable for detecting patterns, and five adjoining linear layers. The
linear layers summarized the information learned by the convolutional
layers to such an extent, that at the end of the neural network there
were only two channels. Those channels gave the probability whether
an image section is a ‘success’ or a ‘defect’. The image of one layer
was divided by a regular grid into small image sections, in order to
localize defects in a layer. The individual image sections had a size of
50x50 pixels and overlapped by 50% of their size, i.e. by 25 pixels each.
The resulting segmentation is shown in Fig. 5. The overlap ensured that
defects located at the edge of an image section and therefore not fully
imaged by it were fully covered in the next overlapping image section.
With the resolution of 26 μm∕pixel, the individual image sections have
4

an edge length of 1.32mm. The small section were categorized and fed
into the neural network. Two categories were defined ‘success’ and
‘defect’. An image section was classified as defect when the powder
layer was discontinuous and the build plate underneath was visible or
when a dark, rough warp was visible. A powder layer deposited with
the rubber lip and powder A was used as a defect free reference powder
layer. Therefore, a defect has the minimum size of 1.32mm by 1.32mm.

For the training of the neural network, a large number of image
sections must be labeled into the categories ‘success’ and ‘defect’.
Therefore, a manual labeling of all data is not possible and automatic
generated labels are needed [24]. As a first step for the automatic
labeling, contiguous areas were manually marked in the original im-
ages that are either completely free of defects or heavily affected by
defects. All small sections within these contiguous areas were labeled
accordingly. To create the training data, layer images of six powder
layers were used, from which 63 679 image sections were generated. Of
these, 44 159 (69%) of the image sections showed defect-free powder
layer areas and 19 520 image sections (31%) were defective. From this
labeled data set, 90% of the image sections were used for training and
validating the neural network, the rest of the image sections (10%, 6321
image sections) were used as test data. The larger data set was further
divided into training data, which was used to train the network by
means of back propagation, and the validation data, which was used
to check and validate the training progress. The neural network was
trained over 10 epochs. The threshold for the categorization as defect
is set to 0.9 to ensure that detected defects have a confidence level of
90%. At the end of the training, the image sections of the test data were
processed and categorized by the neural network. Since the network did
not have access to these image sections in any of the training epochs,
an objective impression of the quality of the categorization by the
network can be gained with this test data. Based on the categorization
of the test data the neural network achieved a F1-score of 91.1%. Based
on this score, it was decided that the neural network was capable of
automatically analyzing the quality of the powder layers, in order to
qualify the novel recoating approach. The proportion of image sections
marked as defective was used as a measurement of the quality of a
powder layer.

2.2.3. Measuring of deposited mass and segregation
After the optical evaluation of the deposited powder layers, only

the best sonotrode geometry was considered further to process powder
B. The velocity range was reduced as well to suitable speeds for the
subsequent investigations. Therefore, the parameter variations were
reduced to the sharp metal blade with amplitudes of 5.7 μm, 8.4 μm and
11.2 μm, the rubber lip and recoating speeds of 50mm∕s, 150mm∕s and
250mm∕s for the investigation of the powder mass and segregation. The
deposited mass as well as the particle segregation was measured by
using a build plate with four removable cavities, named C1 to C4 to
extract samples from the powder bed. The cavities were placed within
the build plate along the recoating direction, as shown in Fig. 3. The
cavities were filled with powder in ascending order, with C1 being
the first and C4 the last to be filled with powder. The center of the
cavities were located at 64.5mm, 112.0mm, 159.5mm, 207.0mm along
the recoating direction, with 0mm as the position of powder deposition.
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Fig. 5. Powder layer of powder A recoated with the rubber lip at (a) 100mm∕s recoating velocity and (b) 250mm∕s recoating velocity, with defects marked in red. Each red square
correlates to one segment.
The cavities and the build plate were milled from 316L. Their depth
was 100 μm and the inner diameter 35mm. The cavities’ rims protrude
100 μm above the build plate. The plate was adjusted accordingly to
ensure that the recoating blade’s tip just touches the rim of the cavity
when spreading the powder to prevent overfilling. However, due to
manufacturing tolerances it was not possible to get the recoater to just
touch the rims of all geometries. Therefore a gap of 10 μm was used for
this experiment.

In order to fill the cavities with powder, changing amounts of
powder, as defined in the last column of Table 3 were placed in front
of the recoating blade and spread along the platform by the rubber
lip or sonotrodes with a specific ultrasonic amplitude and recoating
velocity. Each experiment was repeated five times. After the recoating
process, the cavities were removed with the help of tweezers and
weighted on a high precision scale (Mettler Toledo, XSR204DR) with
a precision of 0.1mg. Additionally, the PSD of the powder inside each
cavity was analyzed for every recoater setting. However, the powder
in each cavity of the five repetitions were mixed together, in order to
have enough particles for a good measurement. A Camsizer X2 with the
same setting as described in 2.1 was used to determine the PSD. With
this experiment it was possible to investigate segregation phenomena
along the recoating direction similar to [25].

2.2.4. Powder layer density
To determine the powder layer density (PLD) it was required, that

the entire cavity was completely filled with powder but no particles
were left on top of the rim. As described in 2.2.3, due to manufacturing
tolerances, the rims of all four cavities were not exactly leveled at the
same height. Only the first cavity in recoating direction was filled with
powder in order to determine the powder layer density, to make sure
the recoater just touches the rim of the cavity. Thereby, the blade is
initially placed on the rim of the first cavity and powder was placed in
front of the blade, to ensure the cavity is filled only up to the height of
the rim. After recoating the cavity with powder, the cavity is removed
and weighted on the named precision scale.

To determine the exact volume of the cavity, the real dimensions
are used for a calculation, what results in a volume of 97.820mm3.
After subtracting the tare weight of 65.7148 g of the cavity from the
measured weight, the density was determined from the net weight of
the powder contained in the cavity divided by the volume of the cavity.
Based on the previous experimental results, the variation was reduced
even further. Only recoating velocities of 150mm∕s and 250mm∕s were
tested for the sharp 60° geometry and the rubber lip. Powder B was
processed with 5.7 μm and 8.4 μm amplitude. Powder A was processed
with the rubber lip and the sonotrode with no ultrasonic excitation, in
order to directly compare the quality of the recoating geometries.

3. Results

3.1. Optical analysis of the powder layers

The results of the optical analysis of powder A show a clear depen-
dency of the powder layer quality on recoating velocity and recoater
geometry. Fig. 6 displays the percentage of image sections marked as
5

Fig. 6. Defect proportion for powder A with all five recoating geometries.

defects by the image recognition software as a function of the recoat-
ing speed. The layers were recoated without ultrasonic excitement.
The detected defects represent e.g. heterogeneous layer thicknesses,
agglomeration of particles, or other irregularities in the powder layer. A
clear trend of an increasing number of defects with increasing recoating
speed can be observed for all recoating geometries. The fact that the
curves for the flat geometry with r = 1.5mm and r = 0.5mm drop
between 350mm∕s and 400mm∕s is attributed to an inaccuracy of the
image recognition.

The rubber lip exhibits the lowest number of defects of all tested
geometries. Up to 150mm∕s, the number of defect remains almost
constant at a low level. For larger recoating velocities, the quality of the
layer decreases, forming irregularities perpendicular to the recoating
direction, as it can be seen in Fig. 5(b).

For a velocity up to 150mm∕s, layers recoated with the two flat
geometries exhibit a low number of defects. For the geometry r =
1.5mm the number of defects are comparable with the rubber lip up
to 100mm∕s. However, the number of defects increases linear above
150mm∕s. Compared to the geometry r = 0.5mm, the number of defects
start to increase faster and at lower speeds. The geometry r = 0.5mm
exhibits an identical performance than the rubber lip up to 200mm∕s.
For higher velocities, the number of defects also increases. Both flat
geometries, reaching a maximum number of defects of about 60%–70%.

The sharp 60° geometry exhibits a similar performance as the rubber
lip and flat sonotrode up to 100mm∕s. For faster velocities the number
of defects increases fast, creating blank stripes in the powder layer
perpendicular to the recoating direction, similar to the ones observed
with the rubber lip. With the sharp 45° geometry a low number of
defects is only achievable with 50mm∕s. The curve of the sharp 45°
geometry looks similar to the curve sharp 60° geometry, but the number
of defects already start to increase at lower velocities. For a velocity
above 250mm∕s, the proportion of defects stagnate at around 90%.

With the rubber lip, the two flat geometries and the sharp 60◦

geometry, excellent layers with a defect proportion below 2.5% can be
generated with a recoating velocity of 100mm∕s.

All five recoating geometries perform very poor when powder layers
with powder B without ultrasonic excitation layers were deposited.
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Fig. 7. Defect proportion for powder B with the sharp 45° geometry with amplitudes
from 0 μm to 14.0 μm and velocities between 50mm∕s and 400mm∕s.

Fig. 8. Powder layer of powder B recoated with sharp 45°, 5.7 μm amplitude and
50mm∕s recoating velocity.

Defect rates exceeded a defect proportion of 84% for all recoating
velocities and geometries. The powder layers are found to be highly
heterogeneous consisting of mostly blank areas without any powder.
With traditional recoating systems, powder B is not processable and
therefore unusable for PBF-LB\M.

Thus, the ultrasonically excited powder layers are investigated
closely. While the flat geometries outperformed the sharp ones with
powder A and no ultrasonic excitation, the attempt to generate useful
powder layers with powder B and ultrasonic excitation failed. Even
with the smallest possible ultrasound amplitude of 6.0 μm, no powder is
deposited to the plate for all velocities. However, the powder is blown
away by the vibrations. Therefore, the tested sonotrode geometries for
deeper investigation were reduced to the sharp geometries with 45° and
60° inclination, as the rubber lip cannot be excited in resonance with
the ultrasonic generator.

For both geometries, recoating without ultrasonic excitation, la-
beled as amplitude 0 μm, results in a high defect rate between 90 and
100% for all recoating speeds. For both geometries, the number of
defects depends strongly on the recoating speed and the amplitude. For
the 45° geometry, all amplitudes larger or equal 8.4 μm amplitude, have
the lowest defect rate at 50mm∕s (Fig. 7). However, with such a low
recoating velocity, the amount of powder is not sufficient to be spread
over the entire build plate, as it can been seen in Fig. 8. This effect is the
strongest for the slowest velocity. Since the same amount of powder is
used for all deposited layers, the deposited layer must either be denser,
thicker or more powder is pushed into the grooves of the build plate.
Even for 100mm∕s the amount of powder is barley enough to cover the
entire build plate, while there is plenty of excess powder at the end
of the build plate for other geometries. For larger recoating velocities,
the defect rates for amplitudes above 8.4 μm increase and stagnate at
around 90%, similar to the results with powder A.

Comparing the individual amplitudes in Fig. 7, it can be observed
that an amplitude of 5.7 μm exhibits the fewest detected defects, with
less than 8% for velocities between 100mm∕s and 200mm∕s. Above
6

Fig. 9. Defect proportion for powder B with the sharp 60° geometry with amplitudes
from 0 μm to 14.0 μm and velocities between 50mm∕s and 400mm∕s.

250mm∕s the defect proportion increases linearly for an amplitude of
5.7 μm. An amplitude of 7.0 μm yields the second-best result, reaching
a minimum in defect rate at 150mm∕s. For larger velocities the defect
rate increases linearly as well.

For the 60° geometry, all non-zero amplitudes have a similar and
low defect proportion for 50mm∕s (Fig. 9). For velocities above
200mm∕s, the defect rate with an amplitude of 11.2 μm and 14.0 μm
increase quickly, with the largest amplitude resulting in the highest
defect proportion.

For amplitudes up to 8.4 μm the defect rate increases, decreases and
increases again between 50mm∕s and 250mm∕s. A minimum in the
defect proportion can be observed between 200mm∕s and 250mm∕s. In
comparison, the 5.7 μm amplitude exhibits the lowest defect proportion,
similar to the results with the 45° geometry.

Comparing both sharp geometries, the data clearly shows a higher
sensitivity on the amplitude for the 45° geometry. Especially for ve-
locities below 200mm∕s, the influence of the amplitude on the defect
proportion is less for the 60° geometry. As it can be seen in Fig. 7 for
the 45° geometry at 200mm∕s, a small increase in the amplitude leads
to a drastic increase of defects, while the defect proportion for the 60°
geometry (Fig. 9) changes only a bit for amplitudes between 5.7 μm and
8.4 μm This indicates a more stable process window with the sharp 60°
geometry for low amplitudes and high recoating velocities.

When comparing the results of ultrasonically excited recoating with
powder B with the layers with powder A (Fig. 6), the rubber lip as
well as the flat sonotrode geometries still yield in slightly lower defect
proportions than the best ultrasonic excited layers. The analysis of the
results indicate a shift of the process window to larger velocities for
the ultrasonically excited recoating process. However, velocities up to
250mm∕s are not suitable with the rubber lip.

Based on the results presented in Figs. 6 to 9, further recoating
experiments with ultrasonic excitation are conducted using both sharp
geometries, while the rubber lip will be investigated as reference.
However, the focus will be on the 60° geometry since the 45° geom-
etry appears to have a more unstable processing window. The flat
geometries will be excluded as they proved to be unsuitable to deposit
powder layers with excitation. Additionally, the number of examined
amplitudes will be reduced for the further investigations, since the
measurement results for the 60° geometry are very close to each other
and large amplitudes have a negative influence on the number of
defects.

3.2. Deposited mass

In Fig. 10 the deposited mass in each cavity is plotted over the re-
coated length. The measurement points correspond to the center of the
cavities. The velocity varies between 50mm∕s, 150mm∕s, and 250mm∕s
for the sharp 60° geometry, with an amplitude of 5.7 μm and a powder
mass of 7ml, shown as the red, blue, and black curves respectively.
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Fig. 10. Deposited powder mass in mg in each cavity for various recoating speeds
and amounts of powder used with powder B and the 60° geometry at an amplitude of
5.7 μm.

Additionally, a variation of the deposited powder amounts at a speed of
250mm∕s, with powder masses of 2.5ml, 4ml, and 11ml is represented
y the gray, yellow, and green curves. For a slow velocity of 50mm∕s, it
s noticeable that a significant amount of powder is deposited in cavity
and 2. The thickness of the deposited layer in those cavities must be

arger than the 100 μm depth of the cavity plus the 10 μm gap, since the
LD would have to be larger than the material density, if such a weight
ould be deposited in that volume. The amount of powder drastically
ecreases for cavity 3 and 4. In the last cavity the amount of powder
s nearly zero. With this velocity the amount of powder is not enough
o completely fill the last cavity explaining the low amount of powder.
imilar effects are described in 3.1 for the sharp 45° geometry at low
elocities.

For a speed of 150mm∕s and 250mm∕s, the maximum amount of
owder is mostly deposited in the second cavity, except for a velocity
f 250mm∕s and a powder amount of 11ml. In this case the maximum
s in the third cavity, but with only minor variation for the first three
avities. Generally, the amount of powder deposited becomes more con-
tant along the recoated distance as the recoating velocity and the used
owder volume increases. With an increasing recoating velocity, the
owder amount decreases in all cavities. In contrast, with an increasing
owder volume, the amount of powder increases in all cavities. The
ost consistent mass distribution along the recoated length is achieved

t a recoating velocity of 250mm∕s and a powder volume of 11ml
ollowed by 7ml.

In Fig. 11, the measured powder quantities are shown for the sharp
0° geometry, at a recoating velocity of 250mm∕s, a powder volume
f 7ml and various amplitudes ranging from 5.7 μm to 11.2 μm. As
eference, measurements taken with the sharp 45° geometry with an
mplitude of 8.4 μm, and the rubber lip with powder A are displayed.
nly for the 60° geometry with an amplitude of 5.7 μm the amount of

powder increases between the first and second pots, while the measure-
ments for the 8.4 μm amplitude remain constant, and the measurements
for the 11.2 μm amplitude decrease. From the second to the fourth cavity
the mass decreases for all experiments with the sonotrodes.

The powder mass for the sharp 45° geometry with an amplitude of
8.4 μm is about 3% lower for all cavities compared to the 60° geometry
with 8.4 μm amplitude. However, the standard deviation overlap, so
there is no significant difference. In general, a larger amplitude reduces
the amount of powder deposited in each cavity. Also, the amount
of powder in the cavities reduces along the recoating direction. This
indicates an velocity and amplitude depending mass deposition due
to the ultrasonic excitation. However, the opposite phenomena is ob-
servable for the rubber lip with powder A. In contrast to the powder
deposition with the vibrating sonotrodes, the deposited mass increases
along the recoated length. In the first two cavities, the amount of
powder is significantly lower for the rubber lip compared to the two
7

sharp geometries, while the fourth is filled with the most powder. s
Fig. 11. Deposited powder mass in mg in each cavity with various ultrasound
amplitudes and the rubber lip at 250mm∕s for 7ml powder. Powder A was used for
he rubber lip, while powder B was used for the rest.

.3. Powder layer density

To further advance the assessment of the powder layer quality, the
easured PLD is presented in Fig. 12. For comparison, the apparent

nd tab density are presented as well. The apparent density of powder
is 6.0% larger than for powder A. For the tap density the difference

s even smaller with only 4.4%, resulting a slightly larger Hausner ratio
f 1.2 for powder A compared to 1.19 for powder B.

For 150mm∕s the PLD for the rubber lip is only 0.1 g lower than the
pparent density and 0.91 g above the 60° geometry without ultrasonic
xcitation. For 250mm∕s the PLD decreases as expected, since the
ecoating defects were present at this velocity. When comparing the
ubber lip and sharp 60° geometry for both velocities, the data clearly
hows a larger PLD for the rubber lip. This confirms the results of
he optical analysis, where the rubber lip resulted in a lower defect
ate. For the 5.7 μm amplitude, a reduction in PLD with increasing
ecoater velocity can be observed for both powders as well. The PLD
f powder A was increased with an amplitude of 5.7 μm, compared to
he recoating without excitation. A direct comparison between powder

and B, recoated with the sharp 60° geometry, showed a larger PLD
or powder B at 150mm∕s. The PLD of powder B is even larger than the
LD with the rubber lip. For 250mm∕s the PLD of powder A and B is
lmost identical. For the 8.4 μm amplitude the influence of the velocity
s much smaller, resulting in an almost identical PLD for both tested
elocities and powders.

.4. Segregation

A normalized particle diameter is chosen in order to be able to
ompare the PSD of powder A and B in the cavity. The normalized
iameter represents the ratio of the measured diameters in each cavity
o the diameters of the entire powder batch. Therefore, a normalized
iameter smaller than 1.0 indicates that the particles deposited in the
espective cavity are, on average, smaller than the particles in the
riginal powder batch and vice versa. Fig. 13 shows the normalized 𝑑50
alue of powder A recoated with the rubber lip and powder B recoated
ith the sharp geometries with amplitudes ranging from 5.7 μm to
1.2 μm, all at a speed of 150mm∕s and with 7ml powder.

All measured values of the normalized 𝑑50 are greater than 1.0 for
he first three cavities. Furthermore, a decreasing 𝑑50 value along the
ecoated length can be observed for all but the sharp 60° geometry
ith an amplitude of 8.4 μm. For the sharp 60° geometry, the largest
mplitude results in the steepest gradient along the recoated length.
he 8.4 μm amplitude results in the most even distribution. With the

mallest amplitude the gradient increases again.
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Fig. 12. Apparent, tap and powder layer density for powder A and B. The powder
layer density is measured for various recoating geometries, velocities and amplitudes
at 20mm recoated length.

Fig. 13. Normalized 𝑑50 value in each cavity for a recoating speed of 150mm∕s with
the rubber lip, the sharp 45◦ metal blade and the sharp 60◦ metal blade with ultrasound
amplitudes between 5.7 μm and 11.2 μm.

Except for the first cavity, the sharp 45° geometry with an amplitude
of 8.4 μm results in the almost identical normalized 𝑑50 values compared
to the 60° geometry at 8.4 μm. With the rubber lip, the 𝑑50 value
increases during the first 112mm and reduces with a similar gradient
than the sharp 60° geometry with an amplitude of 11.2 μm. Overall,
a deposition of coarser particles can be observed. Similar results are
obtained for the 𝑑10 values with the same setting as in Fig. 13. The
results of the 𝑑10 values can be seen in the Appendix in Fig. A.18.

For the rubber lip, the sharp 60° geometry with 11.2 μm amplitude
and the sharp 45° geometry, the 𝑑10 decreases from cavity one to four
from 1.07 to 1.03, from 1.08 to 1.0 and from 1.07 to 1.03 respectively.
With the sharp 60° geometry with 8.4 μm amplitude, the 𝑑10 is the most
constant. With 8.4 μm amplitude the 𝑑10 decreases from 1.06 at 64.5mm
to 1.03 at 112.0mm and increases linear to 1.06 at 207.0mm. The 𝑑90
are almost constant and below 1.0 except for the sharp 60° geometry
with 8.4 μm amplitude, which results in a 𝑑90 of 0.96 for cavity one and
increases to values between 1.01 and 1.02 for the rest of the recoated
length.

For further assessments, the influence of the amplitude on the
normalized particle diameter 𝑑90 is analyzed for the sharp 60° geometry
with a larger velocity of 250mm∕s. In contrast to the normalized
8

𝑑50 particle diameter, which predominantly yields values greater than
Fig. 14. Normalized 𝑑90 value for three different amplitudes between 5.7 μm and11.2 μm
ecoated with a sharp 60° geometry at 250mm∕s and with 7 ml of deposited powder
or powder B.

Fig. 15. Normalized 𝑑10 value along the recoating distance for the sharp 60° geometry
with various ultrasound amplitudes and recoating velocities between 50mm∕s and
250mm∕s for powder B.

one for recoating velocities ranging from 50mm∕s to 250mm∕s, the
normalized 𝑑90 particle diameter for the same velocities mostly exhibits
values smaller than one. Fig. 14 illustrates the particle diameter 𝑑90
ependency on ultrasonic amplitudes ranging from 5.7 μm to 11.2 μm for
50mm∕s. With an amplitude of 8.4 μm the 𝑑90 remains nearly constant
nd below 1.0 across the four cavities (Fig. 14), while for 150mm∕s the
90 is greater than 1.0 (Fig. A.19). In contrast, the 𝑑90 for the powder

ayer with a 5.7 μm amplitude continuously decreases over the recoated
ength. The particle diameter decreases from 𝑑90 = 49.27 μm at 64.5mm
o a 𝑑90 = 46.75 μm at 207mm, which corresponds to a reduction of
pproximately 5%. From the beginning to the end of a layer recoated
ith an amplitude of 11.2 μm, the 𝑑90 increases slightly. However, the

rend is not monotone.
An increase in the 𝑑50 value and a decrease in the 𝑑90 implies a

ore narrow PSD. Since the difference between powder A and B is
ainly in the amount of fines, the results of the measured 𝑑10 values

re presented in detail in Fig. 15. All measurement results show a
ormalized 𝑑10 greater than 1.0 with a change of up to 10%. A 10%
hange corresponds to a 1 μm increase of the 𝑑10. For layers recoated
ith the lowest velocity of 50mm∕s and amplitudes of 8.3 μm and
1.2 μm, the measurement results for the fourth cavity are missing
ecause the powder is fully deposited after reaching the third cavity, as
t is described in 3.1 and Fig. 8 already. For the 5.7 μm amplitude, all
our cavities could be filled with powder for 50mm∕s, which was not
ossible with the other two amplitudes.

For the 8.4 μm and 11.2 μm amplitude, the velocity appears to have
ittle influence on the resulting 𝑑 value. However, the deposited
10
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powder gets finer along the recoated length for the 11.2 μm amplitude,
while the 8.44 μm amplitude results in the smallest gradient. This result
is in accordance to the results obtained for the 𝑑50. On average the
8.4 μm amplitude results the largest 𝑑10 values. For the smallest am-
plitude, the 𝑑10 scatters the most for different velocities, with no clear
trends observable. Overall, the ultrasonically excited recoating leads to
a narrower PSD than the original powder B, with smaller 𝑑90 and larger
𝑑10 values.

4. Discussion

4.1. Optical analysis of the powder layers

Spreadability of power is defined as the ability of a powder to flow
through a narrow gap and form a flat powder layer and depends on the
recoater used as well as the process parameters [26,27]. Therefore, the
test rig, the different build plates and the AI algorithm was developed
to assess the powder bed quality.

As the data in Fig. 6 shows, the best results for powder A can be
achieved with flat recoating geometries such as the rubber lip and
the flat sonotrode. [28,29] reported similar relations. At low recoating
velocities the flow of the powder through the gap is sufficient to create
a homogeneous powder bed without any blank areas. As reported
by [30], up to a critical velocity the mass flow increases proportionally
with the recoating velocity. Due to this phenomenon, the number of de-
fects remains low, even for higher velocities. The critical velocity is the
velocity at which an increase in recoating velocity does not further in-
crease the mass flow. For the rubber lip, the critical velocity appears to
be at 150mm∕s, for the flat geometries somewhere in between 100mm∕s
and 150mm∕s, given the resolution of the experiments. With the flat
1.5mm geometry slightly more defects are detected at 150mm∕s than for
the flat 0.5mm geometry (Fig. 6). The lower defect rate indicates that
the 0.5mm is closer to an optimal edge radius, found by [28]. While
a sharp edge results in a line contact between powder and recoater,
which causes a rougher powder bed as particles get dragged along at
the edge [31], a small radius at the edge improves the quality of the
powder layer significantly [28]. With an increasing radius, the quality
decreases again [28]. This could be due to a compacting of the powder,
and therefore jamming of the gap, at the large radius, since it can exert
a downward facing force component on the particles. With a smaller
radius, the powder might be sheared rather than pressed together. In
general the larger contact area of the flat geometries helps to smoothen
the surface of the powder bed by pressing particles into the bed, as
proposed by [29]. For the dual edges rubber lip, high speed camera
videos of the recoating process show an additional pile of powder in
front of the second edge, as it can be seen in Fig. 16. An additional
smoothing effect is provided by the second lip as well as a powder
reservoir to compensate flow irregularities at the first edge, explaining
the superior properties of the rubber lip.

For higher recoating velocities, defects tend to appear at the begin-
ning of the recoating process. The second powder pile is not present in
the beginning of the recoating processes and therefore cannot compen-
sate any irregularities that occur at higher velocities.

The higher defect rate of the two sharp edged geometries could be
a result of the line contact, causing the particles to be dragged long
rather than spread in a smooth layer. The flat tilt surface (Fig. 4(a)
and (b)) might compress the powder before it reaches the edge. A
stronger compression increases the shear strength [32], which could
cause the mass flow to become irregular and the number of defects to
increase. For the 60° geometry, the critical velocity, defined by [30],
appears to be at 100mm∕s, while for the 45° geometry it appears to be
at 50mm∕s. This could be due to the larger angle, which causes a larger
downwards facing force component on the powder compacting it more
and therefore limiting the mass flow through the gap.

The analysis of powder B clearly shows, that none of the tested
geometries is able to spread powder B in a thin layer. Since powder
B consists of many fine particles below 20 μm, large agglomerates
9

form within the powder. These agglomerates do not break apart with
Fig. 16. High speed camera images of the recoating process of powder A with the
rubber lip at 50mm∕s.

traditional recoaters. However, when applying an ultrasonic excitation,
a sufficient amount of energy is transmitted into the powder, likely
causing the agglomerates to break apart. While the flat geometries have
numerous advantages over the sharp geometries, the opposite result
is observed with the ultrasonic excitation. Pressure waves in the air
between the build plate and the sonotrode, caused by the vibration,
could eject the particles out of the gap, reducing the mass flow to
almost zero. Or preventing powder to enter the gap in the first place. As
a result, no powder is left on the build plate. This result is in contrast
to the compaction achieved in [10] with such a flat geometry. For
large frequencies and amplitudes particles enter a vibro-fluidized state
and therefore the PLD is reduced [10]. Since the frequency in this
study and therefor the transmitted energy is much larger than in [10],
the negative effect of the vibro-fluidization with flat geometries his
increased further.

However, the sharp geometries do not have such a long narrow
gap and therefore the powder particles can flow through the gap.
When comparing the sharp 45° (Fig. 7) and 60° (Fig. 9) geometry, the
data shows a larger influence of the amplitude for the 45° angle. As
mentioned earlier, the downward facing force component is larger for
this geometry. This could result in pressure waves pushing the powder
away from the sonotrode similar to the flat geometries, limiting the
mass flow through the gap. For the 60° angle, the movement of the
sonotrode causes less of a stamping effect pushing the powder away.
Therefore, the mass flow is less sensitive to a change in amplitude.
This theory would also explain, why the powder was not enough to
cover the entire build plate as reported in Fig. 8. At low recoating
velocities, the powder has more time to be pushed away by the pressure
waves, causing it to travel sideways into the grooves around the build
plate. Further research, simulating the excited recoating is necessary to
investigate this effect in more detail. With even larger amplitudes the
pressure waves caused by the larger amplitudes hinder the mass flow
though the gap as observed for the 45° geometry.

For the 60° geometry with an amplitude of 8.4 μm and 11.2 μm, the
proportion of recoating shows no local minimum. High speed camera
videos show a fluidized bed around the sonotrode for an increased
amplitude while agglomerates are visible in the powder pile for an
amplitude of 5.7 μm, as it can be seen in Fig. 17.

Due to this effect, the results could be more similar to the flat
geometries and rubber lip in Fig. 6. The excitation and resulting flu-
idization could stabilize the mass flow through the gap for a wide
range of recoating velocities. The largest amplitude transmits too much
energy into the powder and causes blank spaces in the layer.
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Fig. 17. High speed camera image of the 60° geometry at 150mm∕s with (a) no ultrasonic excitation, (b) an amplitude of 5.7 μm and (c) an amplitude of 8.4 μm.
For the two smallest amplitudes, a local maximum followed by a
local minimum in the defect proportion (Fig. 9) is observed. In the
velocity range of the local maximum, most defects are detected at the
beginning of the recoating process. Since the powder pile is stationary
in the beginning and the powder is not fully fluidized at the small
amplitudes (Fig. 17(b)), interlocking forces have to be overcome. Once
enough energy is transmitted into the powder, it is free flowing [33].
This might explain why the defects are concentrated at the beginning
of the recoating process.

In the velocity range of the local minimum, no concentration of
defects in the beginning is found. As discussed earlier, the mass flow
needs to be constant for a smooth powder layer and with an increasing
recoating velocity, the mass flow increases [30]. The data indicates,
that for certain recoating velocities the incipient flow happens faster
and therefore, the mass flow is more stable from the beginning pre-
venting defects. This could be due to the additional energy provided by
the faster translational motion. A larger recoating velocity causes the
powder to circulate [34], which could improve the deagglomerating.

4.2. Deposited mass

The deposited mass changes significantly along the recoated length
for lowest recoating velocity (Fig. 10). As described earlier, at a low
recoating velocity the powder has more time to be pushed away by the
pressure wave and can move perpendicular to the recoating direction
and out of the way of the recoater. Therefore the pile in front of
the sonotrode gets much smaller, yet same energy is transmitted into
the powder by the sonotrode. This causes the powder layer to spread
thinner. The thinner spread powder layer cannot be detected by the
optical analysis as long as it remains homogeneous and optically dense.
A faster recoating velocity and a larger amount of powder deposited
in front of the sonotrode effectively reduces the gradient in deposited
mass along the recoating direction. In this case, even at the last cavity
a sufficient amount of powder remains in front of the sonotrode to
reduce the thinner spreading due to a smaller amount of powder. For
the lowest velocity, the first two cavities are clearly overfilled. A video
of the recoating process shows, that powder is spilled onto the cavity
in the moment, the sonotrode passes the rim of the cavity. The sudden
change in layer thickness after the cavity (they protrude 100 μm) causes
the sonotrode to transport an excessive amount of powder through the
gap. This phenomena is not present for larger recoating velocities.

At 250mm∕s the rubber lip results in a much lower deposited
mass as with the vibrating sonotrodes, since recoating defects start
to appear at that velocity. The mass in the cavities is rising along
the recoating direction, which [25] reported for steel as well. Since
the pile of powder is stationary in the beginning, the incipient flow
could explain the lower mass in the first cavity [29]. The same effect
could explain the lower mass deposited in the first cavity at the lowest
amplitude, since the powder is not fluidized (Fig. 17(b)). At higher
amplitudes, the deagglomeration happens faster and therefore a larger
mass can be deposited in cavity one, while with the low amplitude
10
the deagglomeration takes more time to fully develop. With an in-
creasing amplitude the overall amount of powder deposited reduces,
since the larger amplitude might cause a looser packing density, as [10]
predicted in their simulation.

4.3. Powder layer density

The wider span and the finer particles of powder B lead to a higher
apparent density, as reported by [27]. The tap density is larger for
powder B as well, however the Hausner ratio is slightly smaller than for
powder A. This indicates, that the Hausner Ratio does not correlate with
spreadability. In contrast to [3], the subjective perception of powder B
does not indicate a free flowing behavior, while the Hauser Ratio is
in a similar order to his results. The PLD measurements for the rubber
lip confirm the theory of a compression of the powder bed when using
a recoater with a large surface area, since the PLD is larger than for
the 60° geometry. With an increasing velocity, the PLD reduces. This
trend was observed in simulation studies by [35] as well. The sharp
60° geometry results in a lower PLD for both tested velocities compared
to the rubber lip. The sharp edge causes a rougher and lighter packed
powder bed, as reported by [31] as well. The PLD is comparable to the
results of [3,36], who also used a sharp blade as a recoater.

With powder B the PLD can be increased compared to powder
A, due to the wider span and finer particles [27]. Overall, ultrasonic
excitation increased the PLD of both powders and spreadability of a
powder can be effectively improved. However, for powder A a flat
recoater geometry had a larger positive influence on the PLD than
ultrasonic excitation.

The smallest amplitude was limited by the generator, as mentioned
in 3.1. Since the defect rate decreased and PLD increased with a smaller
amplitude and got worse without ultrasonic excitation, an optimal
amplitude should exist. The observed optimum in the experiments was
5.7 μm, respecting the possible amplitudes in the experimental set up.
However, with the sonotrodes used it cannot be determined, if even
smaller amplitudes lead to an even better layer quality.

An increase in amplitude reduces the PLD. This confirms the hypoth-
esis made in Section 4.2, of a looser packing density for an increased
amplitude. The vibro-fluidized state, shown in Fig. 17(c), decreases
the PLD and confirms the simulation results of [10]. Interestingly,
the recoating velocity appears to have only little influence for larger
amplitudes. As discussed earlier, the large amplitude fluidizes the
powder around the sonotrode. This easy flowing powder might not be
influenced by the recoating velocity so much. The optical analysis is
not able to detect differences in PLD, as long as the layer remains dense
and smooth. Therefore multiple criteria must be used to evaluate the
quality of a powder layer.

4.4. Segregation

The decrease of the 𝑑50 along the recoated length for all but the
8.4 μm amplitude (Fig. 13) was most likely due to the ‘‘brazil-nut



Powder Technology 432 (2024) 119153K. Drechsel et al.

F
c
t

r
t
i
i
o
g
f
e
t

5

s
t
d
o
a
s
v

o
2
c
A
s

t
t
6
a
w
a
e
r
a
o
a

t
a

t
r
u

s
a
s
t
w
t
p

C

–
V
L
t

effect’’, where larger powder particles flow at the bottom of the powder
pile [37]. Simulations by [34] confirm this theory. [25] reported a
decrease in particle size as well. However the 𝑑10, 𝑑50 and 𝑑90 were
below the values of the entire batch. In this study only the 𝑑90 is below
the 𝑑90 of the initial powder. Since five layers were deposited for each
tested setting, an influence due to the extraction of a small amount
of powder is unlikely. The larger 𝑑10 and 𝑑50 might be a result of the
narrow build plate. Small particles tend to sink to the bottom of the
pile in front of the recoater geometry [34]. Since some of the powder
was pushed into the grooves on the side, it is possible that more fine
particles were pushed away from the sonotrodes and deposited in there.

For the 5.7 μm amplitude, the segregation of large particles is the
strongest, while no segregation is observed for the 8.4 μm amplitude, as
the 𝑑90 in Fig. 14 shows. A convective motion in the powder pile can
suppress the segregation phenomena [34]. High speed camera videos
indicate such a convective motion, however it is not possible to observe
the inside of the powder pile. The same applies for the 𝑑10 values in
ig. 15. The velocity has no influence on the segregation along the re-
oated direction for the 8.4 μm amplitude. The same independency from
he velocity is observed by the other experiments for this amplitude.

With the largest amplitude, more fines were deposited along the
ecoated length. At the lowest velocity the powder was not enough
o fill the last cavity, due to the effects discussed earlier. With an
ncreasing recoating velocity, the powder has less time to be pushed
nto the grooves at the side of the build plate. The normalized 𝑑10
f almost 1.00 for the last cavity is another indicator that more fines
et pushed into the grooves at the side of the build plate since the
ine particles remain in the powder and were not ejected into the
nvironment. Therefore the deposited powder might be slightly coarser
han the initial batch in contrast to the results of [25].

. Conclusion

In this study a novel recoating system was proposed to process
everely agglomerating metal powder in PBF-LB\M. A test rig was built
o investigate two different powders, one representing processable pow-
ers and one representing non-processable powders considering state
f the art recoating systems. The optical appearance, the deposits mass
nd segregation along the recoated length and the powder layer den-
ity are analyzed for five different recoater geometries with variating
elocities and amplitudes. The following conclusions are reached.

A flat recoating geometry with a small radius was found to be
ptimal for processing non-agglomerating powders. The results of [28,
9,31] were confirmed. Additionally, it is shown that a flat large
ontact area compresses the powder bed above the apparent density.
dual edged recoater was able to compensate mass flow irregularities,

ince a second small powder pile is created in front of the second edge.
The approach of utilizing an ultrasonically excited recoater proved

o be suitable to process agglomerating powders. In contrast to the
raditional recoaters, a sharp edged geometry with an incline angle of
0° was found to be optimal to effectively deagglomerate the powder
nd still produce a smooth and dense powder layer. A process window
as found between a recoating velocity of 150mm∕s and 250mm∕s
nd an amplitude between 5.7 μm and 8.4 μm. In this range the most
ven powder layers in terms of roughness, mass distribution and seg-
egation were found. While the powder was the smoothest for an
mplitude of 5.7 μm, the other properties were superior at an amplitude
f 8.4 μm. Segregation along the recoated length can be suppressed with
n amplitude of 8.4 μm.

The recoating velocity depended PLD was larger for powder B
han for powder A when comparing the same recoater geometry. An
mplitude of 8.4 μm reduced the velocity dependency to a minimum.

The maximum recoating velocity can and should be increased with
he use of ultrasonic excitation. A faster recoating velocity effectively
educes the built time in the PBF-LB\M process, since parts consist of
p to a few thousand layers.
11
Further studies are necessary to optimize the recoater geometry
ince only two different angles were tested. A dual edged design,
s used with the rubber lip, can be transferred to a sonotrode and
hould be investigated in future studies. Additionally, the usability of
he proposed recoater system should be tested in a PBF-LB\M process
hen applying multiple layers. The new recoating systems could enable

he processing and investigation of the potentials of non-spreadable
owders when melted in a PBF-LB\M machine.
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Appendix. Segregation

See Figs. A.18 and A.19.

Fig. A.18. Normalized 𝑑10 value in each cavity for a recoating speed of 150mm∕s with
the rubber lip, the sharp 45◦ metal blade and the sharp 60◦ metal blade with ultrasound
amplitudes between 5.7 μm and 11.2 μm.
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Fig. A.19. Normalized 𝑑90 value in each cavity for a recoating speed of 150mm∕s with
the rubber lip, the sharp 45◦ metal blade and the sharp 60◦ metal blade with ultrasound
amplitudes between 5.7 μm and 11.2 μm.
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