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ARTICLE INFO ABSTRACT

Keywords: High-strength and stiffness materials can further increase the lightweight construction potential of additive

PBEF-LB . manufacturing. One way to achieve this, is to produce particle-reinforced aluminum matrix composites (PAMCs).

gltraso_mc excitation A significant increase in strength can be achieved with ceramic particles smaller than 6 pm and a volume fraction
ecoating

of 20 to 30 % in other metallurgical processes. Due to the larger interparticle forces compared to the gravitational
force, such powder mixtures are not flowable and cannot be recoated in PBF-LB with static recoaters like rubber
lips and metal blades. Two approaches were compared to solve this problem. Firstly, the new broadband ul-
trasonic excitation of the recoater metal combs and secondly, flow enhancing with nanoparticles. The influence
of the approaches was investigated by image analysis of the recoated layers for defects in an SLM 280 HL 1.0.
Broadband vibration enables reliable recoating of AlSi10Mg powders mixed with up to 20 vol% 6 pm boron
carbide particles without layer defects. Combined with TiC nanoparticle coating, 25 vol% are possible. The

Metal matrix composites
Agglomerating powders

solution can securely be operated in build jobs.

1. Introduction

Topology optimization determines the structure-relevant volume of a
given design space and loading case, whereby geometries with the
lowest possible weight are found [1]. These structures cannot usually be
produced by conventional manufacturing processes, but by additive
manufacturing, e.g. laser powder bed fusion (PBF-LB) for metallic
components. Topology-optimization results depend on the chosen ma-
terial and its properties. Materials with high stiffness and yield strength
are especially preferred for lightweight construction. While a variety of
materials are available for conventional production, the availability of
powders suitable for the PBF-LB process is limited [2]. The processing of
high-strength materials, often used in conventional manufacturing
processes with high carbon content in steels [3] or copper precipitates in
aluminum (group EN AW7xxx) is especially problematic in PBF-LB [3].
The subject of research is currently modifying the alloy composition to
create new high-strength aluminum alloys [4-6] or to enable the pro-
cessing of high-strength lightweight materials [7]. In these approaches,
rare elements are often used to either increase strength or to reduce
crack susceptibility. Using rare elements inevitably increase the price of
the materials.

* Corresponding author.
E-mail address: victor.lubkowitz@kit.edu (V. Lubkowitz).

https://doi.org/10.1016/j.jmapro.2024.07.118

An alternative cheap approach is the production of particle-
reinforced aluminum matrix composites (PAMCs) to increase the me-
chanical properties. An increase in stiffness and strength was observed in
powder metallurgical production (hot pressing + extrusion) of PAMCs
or casting processes. In metallurgical production, fatigue strengths, yield
strengths, and elastic moduli increase, when the grain size of SiC re-
inforcements decrease. The best results were observed at an average
particle diameter of 5-6.5 pm. The ideal volume fraction of SiC particles
is between 20 and 30 vol% [8].

Currently, the production of metal matrix composites (MMCs) is
under investigation in the PBF-LB process. One challenge in the pro-
cessing of MMC powder feedstocks is the recoating. Usually, spherical
powders without fine particles <20 pm are used to ensure recoatability.
Spherical powders are used to avoid interlocking of the particles [9-11].
Fine particles are removed because the gravitational force acting on
these particles is less than the adhesive forces (Van der Waals forces and
the electrostatic forces) between the particles, causing the powder par-
ticles to agglomerate [12,13]. Additionally, the specific surface area of
the fine particles increases which directly correlates with increasing
internal powder friction, resulting in a decrease in flowability [14]. For a
good reinforcing effect, fine particles need to be added back in blocky

Received 22 November 2023; Received in revised form 3 June 2024; Accepted 24 July 2024

Available online 1 August 2024

1526-6125/© 2024 The Authors. Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).


mailto:victor.lubkowitz@kit.edu
www.sciencedirect.com/science/journal/15266125
https://www.elsevier.com/locate/manpro
https://doi.org/10.1016/j.jmapro.2024.07.118
https://doi.org/10.1016/j.jmapro.2024.07.118
https://doi.org/10.1016/j.jmapro.2024.07.118
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2024.07.118&domain=pdf
http://creativecommons.org/licenses/by/4.0/

V. Lubkowitz et al.

shape in large quantities dramatically reducing the feedstock flowability
as the particles agglomerate. Most investigations reported difficulties in
recoating their MMC feedstocks [15], limiting the maximum vol% of
fine ceramic particles [16]. Other researchers used self-built process
chambers to study MMCs with a high amount of fine ceramic particles,
but do not explain the recoating process in detail [17]. It is assumed that
the recoating velocity was significantly reduced to reach a sufficient
layer quality [18-20]. However, this reduces the economic efficiency of
the process. Others used large reinforcement particles [21], which do
not agglomerate.

One option to increase the flowability of powder feedstocks, even
with fine particles, is to coat them with ceramic nanoparticles. The
presence of nanoparticles increases the distance between the particles
reducing the adhesive forces between them [22-25]. Moreover, a
greater particle distance reduces capillary forces, resulting in a lower
number of liquid bridges [26,27]. Additionally, the nanoparticles act as
ball bearings [28]. All effects increase the flowability of powders inde-
pendent of the selected ceramic material itself. Fulchini et al. [29]
investigated the optimum amount of nanoparticles required to improve
flowability and determined an ideal particle surface coverage of 20 %. In
addition, Gartner et al. [30] conducted a more detailed study and found
that the optimal surface coverage for improved flowability is 25 %. They
achieved a significant increase in the fines volume concentration (par-
ticles <20 pm) of AlSi10Mg and 316 L to 37 % and 32 % of the total
powder raw material, respectively, using nanoparticle coatings that
resulted in good flowing powders. The improvement in flowability and
the ideal coating of 25 % of the particle surface with TiC nanoparticles
were confirmed in our investigations [31]. However, coating was not
sufficient to enable defect-free coating of PAMCs. For this reason, a new
recoating system approach is needed to recoat non-flowable PAMCs
without significantly reducing the recoating velocity.

Vibration excitation is another option to increase the flowability of
dry, agglomerating powders. In process engineering, vibration excita-
tion is used in silos, in sieves, for transport or for dosing of dry powders
[32-34]. Kollmann et al. [35] found that excitation at 100 Hz can
significantly reduce shear stress (a measure of flowability) within TiO2
and CaCO3 particles with an average diameter of 1 pm, leading to a
possible reduction of a silo discharge diameter and silo hopper angle.
The mechanism of action was described experimentally and mathe-
matically by Teidelt et al. [36]. They proved that the friction coefficient
between different materials is reduced with a 45 kHz vibration excita-
tion independent of the excitation direction. An orthogonal excitation
causes the friction partner to lose contact for a short time. A longitudinal
excitation causes a change in the relative velocity between the friction
partners. In both cases, the friction coefficient decreases overall over the
course of an excitation period. Dunst et al. [37] have also observed this
phenomenon in powder materials. A 20 kHz excitation could fluidize
flour as the friction coefficient was reduced. It was also shown that the
friction coefficient was reduced more with orthogonal excitation than
with longitudinal excitation. Schiochet et al. [38] proved in a discrete
element method (DEM) simulation that vibration excitation improves
the powder layer quality (increase of powder bed density). However,
only a flowable and recoatable PA12 powder was considered, and a real
implementation is still missing.

Based on the considerations mentioned above, the aim is to develop a
new ultrasonically excited recoating system that allows to process non-
flowable agglomerating PAMC powder feedstocks. For this purpose,
recoating with broadband ultrasonically energized metal combs is
designed and implemented in a SLM280HL 1.0 from Nikon SLM Solu-
tions AG (Liibeck, Germany). In addition, the effect of TiC nanoparticles
on improving flowability is considered. The recoating performance is
demonstrated with AlSi10Mg powders blended in-house with 6 pm
boron carbide (B4C) particles. The addition of up to 30 vol% 6 pm B4C
particles is investigated. The recoatability is described based on powder
layer images which are analyzed for defects. High-speed images were
recorded and evaluated to understand the mechanisms of the new
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recoating process. The properties of the powder feedstock are charac-
terized differently (static/dynamic angle of repose and Hausner-Ratio)
to search for a direct value that correlates with the recoatability.

2. Materials and methods
2.1. Materials

Aluminum powder from m4p material Solutions GmbH (Magdeburg,
Germany) was used for the experiments. The bore carbide ceramic
particles were supplied from Industriekeramik Hochrhein GmbH
(Wutoschingen, Germany). The TiC-nanoparticles with an average
diameter of 50 nm were bought from IoLiTec Ionic Liquids Technologies
GmbH (Heilbronn, Germany). The chemical composition of the powder
materials was measured through X-ray fluorescence (XRF) and optical
emission spectrometry with inductively coupled plasma (ICP-OES) by
the suppliers, Table 1. The particle morphology of the aluminum is
potato-like and the B4C has a blocky shape. The delivered TiC-
nanoparticles are clustered to agglomerates with a size between ~5
and 40 pm, measured in scanning electron microscopy (SEM) images. An
overview of the particle morphology and the particle size distribution
measured by dry laser diffraction using a Cilas 1090 is given in Fig. 1.

2.2. Calculation of TiC nanoparticle mass for percent surface coverage

The Surface Area Coverage (SAC) value indicates the percentage of
the host particle surface that should be covered with guest particles in
order to improve flowability. In order to calculate the required mass of
guest particles for a given mass of host particles, various assumptions
must be made. Fulchini et al. [29] postulate three assumptions for the
calculation deviating from reality: First that all particles are ideal
spheres and have a uniform diameter of their dsg value. Second that all
guest particles adhere in a single layer on the host particle. Third the
guest particles cover the surface of the host particles with the circular
area of the guest particle diameter. For the calculation, the number of
guest particles n is defined with the circular area Ag g Tequired to
cover SAC of a host particle sphere surface Agpost, EQ. (1). Then the
required mass of guest particles myg,s for a given mass of host particles
my; is scaled (Eq. (4)) with the masses for one host mj pesr and guest
My guest Particle, Egs. (2), (3).

_ SAC X As_hor _ SAC X 7w x d2 1o, Number of needed guest m
ng = Ao_guest T /4 x déO,guest - particles for one host particle
4 x SAC X d2) hoe
d%O,guest
1 Mass of one host particle (2)
My _host = 6 X &X dgo,hosr X Phost P
1 Mass of one guest particle 3)
mi_guest = 6 X X dgo,guast X Pguest & P
Ng X M1 _guest X My Required mass of guest 4)

m, = =
Lguest
MM _host

4 % SAC x dso_guest X Pguest % Mal

particles for a given mass of
host particles

ds0_host X Phost

In this work, AlSi10Mg and B4C were separately coated with a SAC of
25 %. Several other articles have shown that this value best increases
flowability [29-31]. The calculation values and results of this investi-
gation are given in Table 2.

2.3. Mixing and coating process

All MMC feedstocks were mixed in a round 2 1 powder container from
AMproved GmbH (Paderborn, Germany) using an in-house conceptu-
alized two-axis 3D tumbling mixer. The powders to be mixed or coated
are tumbled for 30 min. Picking four samples of 6 ml material with a self-
designed sample picker at the bottom edge of the bottle proves that the
mixing time of 30 min is sufficient. The feedstocks are homogeneous as
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Table 1
Chemical composition of the AlSi10mg and B4C powder particles in wt%.
Fe Si Mg Mn Ti Zn Cu Pb Sn Ni Al Ca B4C
AlSi10Mg 0.18 9.8 0.35 0.01 0.03 0.01 <0.01 <0.01 <0.01 <0.01 Base
B4C 0.34 0.4 <0.01 0.04 0.04 Base
1.2 0.12
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z AlSi10Mg g3 / =
0.8 r B4C q3 ! i 4 0.08 %
= 1 =
-3 S
206 F 0.06 2
S04 0.04 S
o >
2 2
g £
=02 r 0.02 5
£ A
5 | A o2
© 0 == 0
SEI 6kV WD 11 mm SS50 x950 25 um SEI 6 k WD 11 mm SS50 x1000 25 LT e—
Fig. 1. Particle size distribution and SEM images of the Alsil0OMg, B4C, and TiC powders.
Table 2 To coat AlSi10Mg or B4C with TiC nanoparticles, already TiC-coated
able

Material density, median particle size, and wt% to cover with TiC-nanoparticles.

Density in g/cm® dsp in pm TiC in wt% for 25 % SAC
AlISi10Mg 2.67 43.51 0.23
B4C 2.59 5.67 1.67
TiC 4.93 0.05

the particle size distribution analysis for a feedstock with 15 vol% B4C
shows similar results, Table 3. Adding the smaller particles should
theoretically decrease the dsp value compared to the measured value for
pure AlSi10Mg. The increased value is attributed to the forming of ag-
glomerations of AlSi10Mg and B4C particles.

Table 3
Comparison of four picked samples from a 15 vol% feedstock mixture after 30
min of mixing to prove the homogeneity and values for pure AlSi10Mg and B4C.

2 mm 1.4043 grinding balls were added to the mixing bottle to break up
the large agglomerates of the original TiC-nanoparticle powder. The
ball’s weight was six times the mass of the powder to be coated. After the
coating process, the powders were sieved through a ¥200 mm 63 pm
analytical sieve using an AS 200 Control sieve tower from Retsch GmbH
(Haan, Germany) with an acceleration of 1.15 g to remove the balls. The
sieving process is accelerated by connecting a broadband converter from
Telsonic AG (Bronschhofen, Switzerland). The coating results are pre-
sented in [31]. A volume of 500 ml was prepared for each feedstock.

2.4. Measurement of powder properties

In this study the Hausner-Ratio, static and dynamic angles of repose,
describing the flowability of powders, were compared. The Hausner-
Ratio is the tap and apparent density quotient [39]. The apparent den-
sity of the feedstocks was measured according to the ISO 3923-2 stan-
dard using a Scott Volumeter from 3P Instruments GmbH & Co. KG
(Odelzhausen, Germany) and a 25 ml cup. To ensure a complete filling of
the cup and to reduce the scatter of the experiments, 30 ml of material

Sample nr. dyo in pm dso in pm dgp in pm
AlSi10Mg 29.52 43.51 60.17
B4C 1.95 5.95 9.67
1 8.73 47.64 71.63
2 8.57 47.59 73.16
3 8.52 47.9 72.76
4 8.87 47.8 72.22
Scatter in % 1.59 0.25 0.79

were added to the funnel of the Scott volumeter at a time. The powder
pile on the cup was removed by pushing a blade at a 45° angle twice in
two directions. The weight was then determined using an XSR204 pre-
cision balance from Mettler Toledo GmbH (Greifensee, Switzerland).
The tap density was measured according to the ISO 3953 standard using
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a BeDensi tap machine from 3P Instruments GmbH & Co. KG (Odelz-
hausen, Germany). A 100 ml measuring cylinder was filled with 100 +
0.1 g powder for the experiments. The test was run with a tap frequency
of 200 Hz for 3000 taps to ensure no further powder compaction
occurred.

Besides the Hausner-Ratio, the static or dynamic angle of repose can
be measured. The static angle of repose was measured according to the
ISO 4324 standard. The dynamic angle of repose was recorded using a
revolution powder analyzer from Mercury Scientific Inc. Due to the poor
flowability of the feedstocks, both values could not be measured. The
static angle could not be measured as only rugged piles formed, Fig. 2a.
The dynamic angle could not be measured because the feedstocks stuck
to the drum wall, Fig. 2b. This effects also occurred when measuring
feedstocks with nanoparticle coating. The significant improvement in
flowability observed by Fulchini et al. [29] and Garner et al. [30] due to
nanoparticle coating, which allowed them to measure the static or dy-
namic angle of repose, was not achieved for the AlSi1lOMg + B4C
feedstocks. These results show that the static and dynamic angles of
repose are unsuitable for describing highly cohesive PAMC powders and
will not be further discussed in this article.

2.5. Machine adaption for ultrasonic recoating

Modifying the recoating system of industrial PBF-LB machines is
difficult due to the compact construction. Further, machines with a
powder tank require approximately 1 1 of powder material to produce
10 mm high specimens, even with a build chamber size of #100 mm.
Neither of these aspects is suitable for investigating new material com-
positions and their recoating processes. Therefore, a new recoater car-
riage for a SLM280HL 1.0 from SLM Solutions AG (Liibeck, Germany)
was developed. The carriage consists of a powder tank, a dosing slide,
and the option to mount different recoating systems. The designed tank
has a volume of 1.4 1, which allows the production of specimens with a
height of 65 mm built on a build platform with a diameter of 100 mm.
The dosing slide consists of an exchangeable metal sheet with a defined
rectangular opening to deposit a defined powder volume. At the end of
the recoater moving path, the opening of the metal sheet is pushed in
opposite direction and releases the powder in front of the recoating
system. When moving backward, the metal sheet is pushed back by
springs. To mount different recoating systems or adjust the height, they
are mounted to a rectangular block that can be moved up and down and
fixed with two flat ball screws at any height, Fig. 3.

2.6. Ultrasonic system

For the experiments in this article, a broadband ultrasonic system
was chosen. The system consists of a broadband converter and source,
which can vary the supplied energy to the converter between 30 and
100 % from Telsonic AG (Bronschhofen, Switzerland). The source
constantly varies the frequency between 35 and 37 kHz. As a result, a
resonant frequency of the excited parts is always met, causing them to

) T

huge deviations from ideal cone

permanent sticking
powder at upper
drum wall

ideal drum
contour

Fig. 2. Issues measuring the static a) and dynamic b) angle of repose of
AlISi10Mg + 20 vol% B4C.
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/ Powder tank

Sonotrode Rectangular opening

Metal brush pairs

Fig. 3. Principal of a recoater carriage for a SLM280 HL 1.0 with its own tank
and exchangeable recoating system.

vibrate. This allows a freer design of the sonotrode compared to
resonance-excited systems. For easy replacement of the actual coating
geometry, which is in direct contact with the powder and therefore
subject to wear, screw connections can be provided. Since rubber damps
vibrations, no rubber lips were used as recoating geometry. Metal or
ceramic blades are also rarely used in PBF-LB because they are expensive
and also wear out. Consequently, cheap metal combs from electron
beam machines were used. They are available as spare parts of an Arcam
Electronic Beam machine from GE Additive (Norwalk, United States of
America). At the bottom of the sonotrode, two pairs of metal combs are
arranged at a distance of 2 mm from each other and clamped with flat
ball screws to the sonotrode. Comb pairs are used to avoid stripes in the
powder layer. The teeth of the second comb of a pair cover the gap
between the teeth of the first. The combs are 0.1 mm thick and have a
teeth height of 10 mm.

Since the SLM 280 HL does not have an open control interface, an
additional mechanical position switch was mounted on the recoating
carriage to switch off the ultrasonic source as soon as the recoating
carriage has moved and the laser exposure of the layer begins. Besides
the high-voltage cable to the converter and the control cable for the
switch, a grounding cable was connected to the converter to ensure the
safe operation of the system even in the event of a malfunction of the
ultrasonic system.

2.7. Recoating experiments and highspeed camera observation

For the recoating experiments in the SLM280HL, a metal sheet with a
dosing volume of 0.69 ml was mounted to the dosing slide, and an EN
AW5083 building platform was mounted in the build chamber. To
simulate the roughness of an AlSi10Mg powder layer or the as-build
surface without remelting, the platform was glass bead blasted. The S,
and S, values of all conditions were three times measured at different
locations with a confocal microscope from Nanofocus AG (Karlsruhe,
Germany), Table 4. As the roughness of the blasted platform is still lower
than the as-build or powder roughness, the form fit is insufficient to coat
a usual layer thickness of 50 pm with pure AlSi10Mg powder without
defects. For this reason, the layer thickness of the recoating experiments
was increased to 209 pm until pure AlSi10Mg could be recoated without
defects. The results of these investigations are nevertheless valid for 50
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Table 4

Deviation of the surface roughness of the building platform in the recoating
experiments compared to the real surface roughness of the powder bed in the
process and the as-build part surface measured with a confocal microscope.

S, in pm S, in pm
Glass bead blasted EN AW5083 3.15 + 0.04 42,93 +£1.31
Recoated AlSi10Mg powder 23.53 +£0.48 219.33 £9.46
As build AlSi10Mg without remelting 15.85 + 2.25 168 + 31.21

pm layers, too. In subsequent investigations in which the component
build-up was examined, an initial 50 pm coating with ultrasonic exci-
tation was possible and the build-up process was stable. In the first three
layers, the quality is not always flawless, but from the fourth layer on-
wards, the quality corresponds to the following presented results. This is
usually unproblematic because support structures are mostly provided
under components, and the first layers are lost when the components are
cut off the building platform.

In order to evaluate the quality of the powder layers, an optical
analysis was developed. A minimum of five layers were recoated and
captured with a DSLM camera G91 from Panasonic, which was addi-
tionally mounted to the recoater carriage. After each recorded layer, the
deposited powder was entirely removed. A led ring light KR90 from
Kaiser Fototechnik GmbH& Co. KG (Buchen, Germany) with a color
temperature of 5500 K and an illuminance of approx. 2100 Ix was
mounted on the camera’s lens to capture shadow-free images of the
layers. The recorded images had a resolution of 5184 x 3888 px? or
77.76 x 58.32 mm?2, corresponding to a 15 pm/pixel resolution. The
images represent the center of the @100 mm building platform. Defects
in the powder layers, areas without powder deposition, were automat-
ically marked with a Matlab code. Firstly, the code converted the image
into a gray image. The contrast was then enhanced using the Matlab
function adapthisteq. The additive binarization of the image could not
sufficiently separate the background (light gray/red label) of the images
from the powder (dark gray), which is why a fixed threshold was set as
shown in Fig. 4. The percentage of marked defect pixels to the total
number is then evaluated and is further called the surface proportion of
defects and is the response variable of this investigation. An overview of
all factor settings of the partial factorial experimental design is shown in
Table 5. The integration of the ultrasonic system and the experimental
setup for analyzing the layer quality are shown in Fig. 5a.

To understand the mechanisms of the broadband ultrasonic recoat-
ing process, high-speed camera videos were recorded to analyze the
metal comb vibration and the powder flow in detail. The recoating
system was mounted to a CMX 70 mill machine spindle from DMG Mori
K.K. A.G. (Nagoya, Japan) to improve the visible access to the system,
Fig. 5b. The metal comb movement was recorded with 16 k frames/s and
120 k frames/s and analyzed with the free software tracker from phys-
lets. As the highspeed setup deviated from the SLM system did not have a
powder tank, the powder was deposited in front of the metal combs with
a 5 ml dosing spoon to observe the powder flow. Further, the milling
machine moved the building platform underneath, and the ultrasonic
system was held in position, deviating from the powder bed process.

recoatingl
direction

Fig. 4. a) Photo after recoating b) labeling of the coating defects by the Matlab
code. The analysis shows a defectively recoated area of 6.56 %.
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Table 5
Overview of all factors and the according level values of the partial factorial
experimental design that were investigated in 65 different test points.

Feedstocks TiC-coating Recoating speeds Ultrasonic intensity
AlSi10Mg 0 52.5 mm/s 30 %

+10 vol% B4C 25 SAC 70 mm/s 50 %

+15 vol% B4C 87.5 mm/s 70 %

+20 vol% B4C 90 %

+25 vol% B4C 100 %

+30 vol% B4C

However, this deviation allows the powder movement to be observed
continuously. The powder flow during recoating was recorded with 50 k
frames/s.

3. Results
3.1. High-speed analysis of metal combs movement

The recordings with different frame rates show that every metal
comb vibrates with two superimposed modes. The first mode oscillates
sinusoidal in and against the recoating direction, Fig. 6b. The second
mode shows a superimposed smaller movement with the highest fre-
quency and amplitude at the switching points of the direction of motion,
Fig. 6c¢.

Analyzing the motion shows that the first mode’s movement fre-
quency remains constant for all intensities. Increasing the ultrasonic
intensity from 30 % to 50 % increases the amplitude of the first mode. A
further increase in intensity does not affect the amplitude. The contin-
uously changing frequency by the source causes the high spread in the
amplitude of the first mode, Fig. 7a. The frequency of the second mode
rises strongly from 30 % to 50 %. The amplitude continuously increases
slightly with increasing intensity, Fig. 7b. The high velocity of motion at
intensities above 30 % increases the second mode scatter, Fig. 7b. The
recording frequency is no longer twice as high as the motion velocity all
the time, which violates the Nyquist-Shannon sampling theorem [40].
At an intensity of 90 %, the movement is so low resolved that an analysis
is no longer possible.

At intensities higher than 50 %, the system seems to saturate.
Theoretically, the amplitude of the first mode should continually in-
crease if the frequency is constant and the intensity increase. It is
assumed that the higher intensities lead to an amplification of the
bending modes within the combs, which causes them to wriggle more
strongly increasing the second mode amplitude. The calculation of the
energy of the second mode supports this assumption. There is a linear
increase in energy with increasing intensity, Fig. 8.

3.2. Influence of ultrasonic metal comp excitation and nanoparticle
coating on the powder layer quality

No defects are allowed in the powder layer to be suitable for the PBF-
LB process. Without ultrasonic excitation exclusively AlSi10Mg have 0
% surface proportion of defects. Up to an addition of 15 vol% B4C, the
percentage of defects increases moderately. Smaller round spots form at
the recordings’ edge where the material is insufficiently deposited.
These defects are similar to the one in Fig. 4 but less. From an addition of
20 vol%, almost no powder is deposited. Individual wavelike powder
lines and homogeneously distributed small powder dots are formed.
Besides, a clear correlation with the recoating speed is observed at 10
and 15 vol% B4C. The recoating defect decreases with decreasing
recoating velocity. The influence is no longer apparent at the higher B4C
volume fractions due to the generally insufficient layer deposition,
Fig. 9.

Ultrasonic excitation at 50 % intensity significantly reduces the
number of coating defects even at higher vol% B4C. Reducing the
recoating velocity, reduces the defect percentage further like without
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camera lens

Fig. 5. a) machine adoption, ultrasonic excitation integration, and layer quality observation setup b) Highspeed camera setup in CMX mill machine to observe metal
comb movement and powder flow in detail.
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Fig. 6. a) High-speed camera image for analyzing the metal comb movement, b) Evaluation of the movement at 16 k fps resolution showing the first mode, ¢) 120 k
fps resolution showing the second mode.
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Fig. 7. Analyzed amplitude and frequency of the metal comb of a) the first mode, b) the second mode.
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ultrasonic excitation, Fig. 9, so even feedstocks with 20 vol% B4C can be
recoated without defects, Fig. 10.

The nanoparticle coating also significantly decreases the recoating
defects. This effect is observed for the recoating without and with ul-
trasonic excitation at different intensities. However, coating with
nanoparticles alone is insufficient to achieve defect-free layers, Fig. 11.
In summary, the process map for the broadband ultrasonically excited
process is as indicated in, Fig. 11. This map shows the process limits of
the current setup. Feedstocks with 30 vol% B4C can no longer be entirely
coated without defects, even with nanoparticle coating.

3.3. Influence of vol% B4C and nanoparticle coating on the Hausner-
Ratio

The Hausner-Ratio value shows a continuous increase with
increasing vol% B4C. However, from a content of 15 vol%, the Hausner-
Ratio increases more strongly. Up to this gradient change, the Hausner-
Ratio can be calculated as the percentage of the Hausner-Ratio of pure
AlSi10Mg and pure B4C with a Hausner-Ratio of 2.25 + 0.0018. The
value of the Hausner-Ratio at 15 vol% is nearly at the boundary between
passable and cohesive flowability [39], Fig. 12. The comparison of the
recoating tests without ultrasonic excitation, Fig. 9, seems to show a
correlation, as the materials with nearly very cohesive (20 vol% B4C) or
very cohesive (from 25 vol% B4C) properties, according to Hausner,
were also not recoatable. The effect of the nanoparticle coating is also
reflected in the measurement of the Hausner-Ratio. The value for 20 vol
% B4C + 25 % SAC TiC decreases strongly and is only 0.005 higher than
the measured value for 15 vol% B4C, Fig. 12. However, comparing the
coating defects without ultrasonic excitation shows a significant differ-
ence of 13 % between 15 vol% B4C without nanoparticle coating and 20
vol% B4C + 25 % SAC TiC, Fig. 11, which rules out a direct relationship
between the Hausner-Ratio and recoatability.

4. Discussion
4.1. Recoating process

The results show that the ultrasonic excitation allows the recoating
of non-flowable feedstocks. This means that the energy transferred to the
feedstocks by the vibrating metal combs affects the two mechanisms that
decrease flowability: internal powder friction and agglomeration. The
recorded high-speed images show that the fast movement of the metal
combs gives an impulse to the particles in direct contact over the

25
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—&— 15 vo0l% B4C + 25 SAC TiC

---4---20 vol% B4C
N —— 20 vol% B4C + 25 SAC TiC
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0 20 40 60 80 100
ultrasonic intensity in %

Fig. 11. Overview of the coating test results. Illustration of the ultrasonic in-
tensity required for a certain vol% of B4C and whether additional nanoparticles
need to be added in order to coat defect-free layers.
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Fig. 12. Powder feedstock Hausner-Ratio change depending on the volume
percent B4C. Left axis: Flow properties according to Hausner-Ratio.

complete comb height. The applied impulse force accelerates the par-
ticles in the recoating direction. The images indicate that the compacted
powder pile is held in position through the friction force between the
platform and the powder pile. The impulses at the tip of the comb shear
off the powder pile, whereby large agglomerates are torn apart into
single AlSi10Mg particles with adhered B4C particle satellites. It is
deduced that the energy introduced by the impulses is large enough to
overcome the Van der Waals, electrostatic, and friction forces in the
powder pile, making the recoating possible, Fig. 13b. Without ultrasonic
excitation, the inner forces of the powder pile are higher than the fric-
tion force between the building platform and the powder pile. Hence, no
recoating is possible, Fig. 13a. Furthermore, during ultrasonic excita-
tion, the powder pile is set in rotation in front of the metal comb,
Fig. 13b. This effect was also simulated by Phua et al. [41] and resulted
in the simulation in a smoother powder bed. However, powder rotation
does not occur when recoating without ultrasonic excitation.

The evaluation of the high-speed recordings further shows that the
energy is mainly transferred by the second mode oscillation since the
first mode motion is mostly hindered by the powder pile in front of it.
The increasing energy, Fig. 8, results in a higher impulse force, allowing

platfo

rn%}novi,nﬁ .

direction =
Al o8
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material with higher internal forces (in this case, higher vol% B4C) to be
sheared off and recoated.

According to the results of Gartner et al. [24,30], the higher distance
of the particles to each other, if they are coated with nanoparticles, the
Van der Waals and electrostatic forces, as well as the friction, are
reduced, leading to a decrease of the surface proportion of defects. In
addition, the reduced forces make it easier to shear the feedstocks with
coated particles, explaining the decreasing surface proportion of defects
when recoating them with ultrasonic excitation, Fig. 11.

The ultrasonic excitation described in this article differs from the
other approaches simulated by Schiochet et al. [38] or experimentally
investigated by Drechsel et al. [42]. While vertical excitation was
investigated in the mentioned studies, this study used horizontal exci-
tation. All approaches resulted in a better coating quality or allowed the
coating of agglomerating powders. However, it is assumed that hori-
zontal excitation is more beneficial because the deflection of the
recoating geometry caused by the excitation cannot lead to collisions
with material that has already been built up. As a result, the coating
quality should be consistent during the building process, and wear on
the recoating geometry should be less.

4.2. Description of recoat ability by powder properties

The measurement of the Hausner-Ratio provides contradictory re-
sults related to the recoatability and cannot describe the dependence on
the recoating velocity. Further classical methods for determining flow-
ability are unsuitable for describing the recoatability of strongly
agglomerating PAMCs feedstocks. Contrary to the results of other pub-
lications that have worked with a higher proportion of fines of the same
material and morphology in their investigations and were able to
determine the static and dynamic angle of repose [24,29,30], this was
not possible for the PAMCs investigated here, see Fig. 2. For this reason,
more elaborate coating tests must be carried out compared to flow tests.

5. Conclusion and outlook

This article presented a new approach for recoating non-flowing
agglomerating powder feedstocks. To effectively study the recoating
and processing of these feedstocks, a recoater carriage with its own tank
was developed to reduce the amount of powder required for the ex-
periments compared to the standard setup of an SLM280HL machine. To
be able to coat the non-agglomerating powders, a broadband, ultra-
sonically excited recoater brush was developed. The horizontal vibra-
tion transfers energy to the powder and overcomes the adhesion forces

Fig. 13. Images of the highspeed recordings of the recoating process of AlSi10Mg + 20 vol% B4C a) without ultrasonic excitation, b) with ultrasonic excitation.
Please watch the video in the appendix to fully identify the differences in the recoating with and without ultrasonic excitation.
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in the powder by shear pulses so that the powder can be applied evenly.

Image analysis was used to determine the recoating quality, which
detects non-recoated areas and interprets them as a percentage error to
the total area. The investigation of the recoatability of strongly
agglomerating feedstocks can currently only be carried out using this
method. The use of alternative parameters describing the flowability did
not provide a connection. The static and dynamic angle of repose and the
Hausner-Ratio were tested.

Besides the influence of ultrasonic excitation on recoating, the
flowability improvement by nanoparticles was also investigated. It was
shown that both approaches can be used together. Thus, it is possible to
recoat AlSi10Mg feedstocks with up to 25 vol% dso 6 pm B4C particles
without defects. These results now enable to investigate the production
of B4C ceramic composite components with aluminum matrix in PBF-
LB.

A brief trial with a —0/63 pm 1.4404 feedstock, which was also
agglomerating and cannot be recoated with available technology
because the fines were not removed after atomization, could also be
recoated with ultrasonic excitation without any defects. This result
demonstrates that the newly developed recoating technology works for
the feedstocks discussed in detail in this article and generally has the
potential to recoat agglomerating powders.
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