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• Successful homogenous coatings were
obtained for SiC and FLG on three
metal powders.

• SiC, FLG, and IOB coatings exhibit higher
laser light absorption as feedstockmate-
rials.

• The flowability of three metal powders
could be enhanced by adding SiC nano-
particles.

• The flowability measurement results by
ring shear tests, rotating drumandpow-
der rheometer (Anton Paar) show the
same general tendencies.

• Ring shear measurements were found
to be more sensitive than rotating
drummeasurements.
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The modification of metal alloy powders by coating with nanoparticles offers the possibility to improve additive
manufacturing processes, in particular the powder bed fusion of metals with laser beams (PBF/LB-M), from the
material side of view. Subsequently, component qualities including mechanical properties and microstructural
characteristics could be improved. Furthermore, the modification enables improved energy utilization due to
an increase in laser absorption. In this work three commercial additivemanufacturing powders, namely stainless
steel (1.4404), tool steel (1.2709), and aluminum alloy (3.2381) were coated with three different nanoparticles
(Silicon carbide (SiC), few layer graphene (FLG), and iron oxide black (IOB) to increase the laser light absorption
in the PBF/LB/M process, mechanical properties, and flowability of the powders. The coating was conducted
within a fluidized bed system, resulting in homogeneous coatings. This study demonstrates, that well scalable
processes i.e. stirred media milling and fluidized bed coating have the potential to improve the commercial
AM powders regarding their bulk density, flowability, and energy absorption, which is a crucial step towards
an improvement in the efficiency of the whole PBF process. Overall important information and relations were
gathered to transfer them to the real powder deposition process in future work.
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1. Introduction

Additive manufacturing processes (AM) of metals or polymers
are progressively gaining interest in industrial applications and there-
fore aswell in the scientific community [1–4]. This is because of the out-
standing advantages AM processes can entail. AM can enable
functional integration and realization of complex structures without
geometric restrictions (especially in light-weight and prototype con-
struction) [3,5]. Among the many different AM processes, which are
classified in DIN EN ISO/ASTM 52900 [6], the powder bed fusion of
metals with laser beams (PBF-LB/M) is considered a promising method
regarding the leap from rapid prototyping to additive series production.
PBF-LB/M is further described as the most effective powder-based AM
method to gain high density parts [2,7,8]. However, the state-of-the-
art process is not yet applicable for series production. Multiple high en-
ergetic lasers and larger building envelopes have therefore been imple-
mented as a focal point in recent research to increase the productivity of
the process [9,10]. Consequently, this leads to extensive machine com-
plexity and substantial prices. Thus, another approach is to enhance
the used powder material in order to improve the overall process. This
is extensively done by adding nanoparticles to metal particles in order
to build Metal Matrix Composites (MMC). The nanoparticles, referred
to as guest particles, can be applied on the coarser particle surface,
namely host particles, in different ways. Mechanical methods like dry
mixing [11] or ball milling [8,12–16] and non-mechanical routes like
electrodeposition [17,18] and laser ablation [19] are the most predomi-
nant methods. Among other possible reinforcements in MMCs (i.e. in-
termetallic compounds, oxides and nitrides [20]), ceramic reinforced
MMCs show improved tensile strength [21] and exhibit an advanta-
geous interaction between stiff ceramic reinforcement and ductile ma-
trix [22]. Furthermore, positive effects of Silicon Carbide (SiC) and
Titan Carbide (TiC) on PBF processed materials have been observed in
numerus publications, for instance improved tensile strength, micro
hardness and wear properties [8,12,23–27]. Graphene, which is one
layer of graphite, exhibits superior material properties, like heat con-
duction [28] as well as absorption behavior [29] and is therefore of
great interest for using as MMC in AM. Additionally, Liu [30] demon-
strated that coatings of graphene nanosheets on Aluminum increase
the hardness of sintered parts. Other research displayed higher tensile
strengths and enhanced mechanical properties for graphene or rather
Few Layer Graphene (FLG, defined as 2–10 layers of graphene [31]) en-
hanced metal powders [16,32–35].

Since PBF-LB/M process parameters consist of a high number of
variables including volume energy density and material-based input
parameters such as powder properties, there are various predominant
factors to ensure the reproducibility and efficiency of a PBF-LB/M
process [36,37]. Especially powder properties, including among others
the particle size distribution (PSD), powder bulk density, powder
bed density, and flowability, are key factors for PBF-LB/M processes
[3,38–40]. In particular, a good flowability is crucial for a homo-
genously spread powder bed, and thus, the layer quality, affecting
the packing density as well as the thermal and the optical properties
[1]. Poor flowability is due to the increased influence of attractive
forces (i.e. van derWaals forces, FvdW) in contrast to the weight forces
at reduced particle sizes and densities. The powder flowability may be
enhanced by homogenously distributing smaller guest particles, i.e.
nanoparticles, across a host particle surface, while FvdW ensures the
adherence of the guest particles. [41–43]. According to themechanism
proposed by Rumpf [44], the increase in flowability results from an
induced roughness on the particle surface due to the addition of nano-
particles. Since the nanoparticle act as spacer, they reduce the Fvdw of
the coarser host particles. To measure the flowability of powders,
there are a lot of different methods, which are summarized and
rated in Schulze [45]. Nevertheless, Spierings et al. [46] conclude
that most existing flowability measurements such as Schulze ring
shear tester [45], Hausner ratio [47] (ratio of bulk and tap density)
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cannot reproduce the real conditions in a PBF-LB/M system, as the
stress states of the powder are different. Accordingly, dynamic
measurements with low shear stress such as dynamic avalanche
angle or powder rheometer with aerated powder beds should imitate
the real powder spreading process in a better way.

In this investigation, three conventional AM Feedstock powders,
austenitic stainless steel (1.4404), aluminum alloy AlSi10Mg (3.2381),
and tool steel (2.2709) were coated in a fluidzed bed system with
three different produced nanoparticulate additives. SiC and FLG were
chosen as additives as a consequence of their above-mentioned positive
properties. Iron oxide black (IOB), which is a low cost black pigment
produced by the Laux process, was chosen because of its chemical sta-
bility [48] and light absorbance properties [49]. The additives were
first ground to a nanometer size-range via stirred media milling,
which is a scalable and cost efficient method to produce nanoparticles
[50–52]. The grinding efficiency can be adjusted through parameters
such as the stirrer speed, grinding media size or density, allowing the
adoption of the stress energy to diverse materials [53–55]. For that rea-
son, it is possible to systematically comminute either stiff ceramics [56]
or delaminate FLG fromGraphite [57]. The coating of host particles with
smaller guest particles in fludized bed systems is well established in the
food [58], pharma, and chemical industry [59]. Thefluidized bed process
is widely used as a result of its beneficial material and heat transfer.
Moreover, short processing times render it a scalable and economic pro-
cess [60]. To the knowledge of the authors so far, the fluidized bed pro-
cess has not been used for the coating ofmetal particles relevant to PBF-
LB/M. Furthermore, all used processes (i.e. stirred media grinding and
fluidized bed coating) are well scalable and the findings in this publica-
tionwill be of great interest for powdermanufacturers and the industry.
The produced composite particles were analyzed regarding their PSD,
bulk density, flowability, elemental composition and absorption behav-
ior. Thereupon, their suitability for PBF-LB/M process was assessed.

2. Materials and methods

2.1. Feedstock material

Three different conventional AM-Feedstock Powders, namely, stain-
less steel (1.4404), aluminum alloy (3.2381) and tool steel (1.2709) (cf.
Fig. 1, top) were supplied by thyssenkrupp Materials GmbH. The feed-
stock guest particles SiC (E-SINSIC), Graphite (C-NERGY KS6L) and
iron oxide black (Manganese ferrite balck spinel, 48,447)were acquired
from ESK-SIC GmbH, Imerys Graphite & Carbon Switzerland Ltd. and
Kremer Pigmente GmbH & Co. KG, respectively. The particle size distri-
butions and SEM pictures of themetal feedstockmaterials measured by
the Mastersizer 3000 dry module (Malvern) are depicted in Fig. 1 and
the particle sizes and densities of all feedstock particles are presented
in Table 1. The reference graphene platelets of 2 nm and 6–8 nm were
purchased from IOLITEC Ionoc Liquids Technologies GmbH.

2.2. Production of nanosized particles and fluidized bed coating

The guest particleswere produced via stirredmediamilling (Labstar,
Netzsch) and applied on the AM-Feedstock host particles in a fluidized
bed system (Mini-Glatt, Glatt GmbH) with the settings shown in
Table 2. Grinding beads (200 μm) with a density of 3910 kg/m3 and
6050 kg/m3 were used for SiC and IOB, respectively. Both materials
were comminuted at a circumferential speed of 12 m/s and an electro-
static stabilizationwas conducted with HNO3. Herein, the pH of the sus-
pensionwas kept at 4.4 for SiC and 3.5 for IOB to prevent agglomeration
of the nanoparticle. In the case of FLG, low circumferential speeds of
4 m/s and grinding beads (400 μm) with a density of 4100 kg/m3

were used to delaminate the graphite flakes while avoiding lateral frac-
tures. Since vanderWaals forces are considerably lowbetween graphite
sheets, low stress energy is sufficient for delamination, whereas exces-
sive stress energy induces lateral fractures or chipped edges [57,61]. A



Fig. 1. Particle size distributions and SEM images at 500× magnification of AM feedstock powder a) 1.4404 b) 3.2381 c) 1.2709.

Table 1
Particle size and densities of feedstock particles.

Material Particle size [μm] Span [−] Density [kg/m3]

x10,3 x50,3 x90,3 x90−x10
x50

� �
Stainless Steel 28.3 41.3 60.1 0.77 7950
Tool Steel 19.9 31.8 49.7 0.94 8050
AlSi10Mg 25.1 41.7 72.6 1.14 2700
Graphite 1.9 3.7 5.93 1.09 2210
Silicon Carbide 2.6 3.6 26.3 6.58 3210
Iron Oxide Black 0.752 1.7 3.73 1.75 4800
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steric stabilization (Kollidon 30 by BASF at 10wt% of graphite) was used
to prevent the agglomeration of peeled sheets. The resulting FLG sus-
pension was centrifuged in 50 ml falcon tubes for 8 min at 4000 rpm
to ensure that no unprocessed graphite was present in the suspension.
The suspension was characterized via SEM and a rough estimation of
the layer thickness via thermogravimetric analysis was conducted
(TGA/DSC1, Mettler Toledo). Atomic Force Measurements of the few
layer graphene were executed in tapping mode (AFM/ Nanowizard 3,
JPK Instruments). The guest particle suspensions were stored in a shak-
ing plate and remained stablewithout any visible agglomeration or sed-
imentation. The fluidized bed was operated in top spray configuration
and was designed in order to maintain a stable fluidized bed during
the coating experiments (cf. Table 2). Since the AM feedstock powders
are nearly spherical and exhibit densities above 2 kg/m3while being rel-
atively small (cf. Table 1 and Fig. 1), the powders can be classified in the
Table 2
Coating process parameters.

SiC IOB FLG

Pressure drop of airflow [bar] 0.6 0.4 0.6 / 0.4 a)

Pressure drop of nozzle [bar] 0.7 0.6 0.9 / 0.6 a)

Temperature [°C] 80
Filter cartridges cleaning intervall 2
Spray rate [ml/min] 1
Drying time [min] 10
a) different settings for AlSi10Mg
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Geldart group A [62] and stable fluidized beds were obtained in all
experiments.

In general, the mass loading was kept constant for the different AM
Materials. The utilized coating amounts for SiC and IOB particles were
calculated in a way to obtain a mass loading of 0.4 wt% for stainless
steel (1.4404) and tool steel (1.2709). This correlates with a volume
loading of 1 vol% and a theoretically calculated surface coverage of
100%. Theweight-based consideration leads to a change in volume load-
ing for aluminum alloy (3.2381) in contrast to stainless steel and tool
steel because of its lower densities. Therefore, the results for the alumi-
num alloy are discussed and interpreted individually. A lower particle
loading of 0.2 wt% for few layer graphene was selected to ensure a
thin layer of FLG flakes on the host particle surfaces. FLG exhibits a
high surface area [31] and therefore, tends to agglomerate easily due
to van der Waals forces. The discussed coating coverages are summa-
rized in in Table 3.

The influence of the coating coverage and particle size of added
guest particles on powder properties was further investigated with
the material combination SiC and 1.4404. Stainless steel particles were
additionally coated with 65, 100 and 200 nm SiC particles with mass
concentrations of 0.1, 0.2, 0.4 and 1.6 wt%.

2.3. Powder characterization

The Mastersizer 3000 dry module (Malvern) was used for the PSD
analysis of the dry feedstock AM powder and MMC's. Particle sizes dis-
tributions smaller than 600 nm were measured with the Nanophox
Table 3
Coating coverages presented in wt% or vol%.

Coating amounts AM feedstock material

1.4404 1.2709 3.2381

wt%/vol% wt%/vol% wt%/vol%

SiC 0.4/1 0.4/1 0.4/ 0.3
SiC – – 1.2/ 1
IOB 0.4/1 0.4/1 0.4 / 0.3
Graphene 0.2/0.75 0.2/0.75 0.2/0,25



Table 4
Resulting particle sizes for the nanoparticulate additives.

Particle size [μm] Span [−]

x10,3 x50,3 x90,3 x90−x10
x50

� �
SiC 65 nm 41.5 65.5 104.5 0.96
SiC 100 nm 65.2 99.27 160.76 0.96
SiC 200 nm 134.9 208.5 321.3 0.89
FLG 363.8 568.3 890.3 0.93
IOB 163.2 275 343.2 0.65
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(Sympatec GmbH) via dynamic light scattering and the feedstock for
the nanoparticles were measured with Helos (Sympatec GmbH) via
laser diffraction. A scanning electron microscope (SEM), Helios G4 CX,
was used (FEI/ThermoFisher Scientific) for the evaluation of the surface
coating quality and morphology. The water contents of modified pow-
ders were analyzed by Karl-Fisher-Titration (Titrator AQUA 40, Analytic
Jena AG) at 100 °C using 2–4 g of powder. Laser light absorption was
measured in terms of reflectionwith the Nicolet iS50 FTIR spectrometer
(Thermo Fisher Scientific) at room temperature along with a DiffusIR
module (Pike technologies). Presented are measurements at a wave-
number of 9400 cm−1 corresponding to the wavelength of 1064 nm
(wavelength of Nd:YAG often used in PBF-LB/M-Systems [63]). X-ray
fluorescence (XRF) analyseswere performed to verify the actual coating
quantities of added nanoparticles by fluidized bed system. Due to the
high density of the host particles, the samples were fused to glass
beads to increase the accuracy of XRF measurements [64]. Therefore,
the sample was placed in a PT95/Au5 crucible and mixed with a flux
agent (containing Lithium Tetraborate and LithiumMetaborate), an ox-
idizer for metals and LiBr as non-wetting agent. Subsequently, the sam-
ple was fused in an electrical fusion machine (xrFuse2, XRF Scientific)
up to 1175 °C to dissolve the metal powder and form a solid bead. The
XRF measurements (S8 Tiger, Bruker) were then conducted with the
glass beads and analyzed via a semi-quantitative method (Quant-Ex-
press, Bruker).

A ring shear tester (RST-XS, Schulze) was implemented and mea-
surements were performed with a low pre-consolidation stress of
0.5 kPa within a small ring shear cell (V = 31 cm3) to apply small
shear stresses and utilize a small powder sample. Additionally, mea-
surements were performed at higher stresses (1 and 3 kPa) to charac-
terize the flow function of the powders. The flowability of bulk solids
ismainly characterized by their unconfined yield strengthσc depending
on the consolidation stress σ1, which results in the flow function. A
characteristic value of flowability is the ratio ffc of consolidation stress
σ1 and unconfined yield strength σc [45].
Fig. 2. SEM image of an agglomerated IOB particle with randomly selected length
measurements.
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According to Jenike [24] the flowability increases with an increasing
value of ffc. Thereby, the following classification exists:

• ffc < 1: not flowing
• 1 < ffc < 2: very cohesive
• 2 < ffc < 4: cohesive
• 4 < ffc < 10: easy-flowing
• 10 < ffc: free-flowing

For further theoretic background the authors want to refer to
Schulze [45], where a holistic explanation of shear testers and the be-
havior of bulk materials is given.

Since the powder deposition in PBF processes is a dynamic, com-
pression stress free process [1], further measurements to evaluate the
MMC powders regarding PBF applicationwere conducted. The dynamic
angle of repose was determined with a rotating drum (Granudrum,
Granutools). The drum consists of a transparent lateral glass and a
frame, in which 50 ml powder was filled and three measurements
were performed for each material. The drum was operated at speeds
of 1, 2, 4, 6, 8, 10, 20, 40 and 60 rpm and each measurement was re-
peated three times. The speed was first increased stepwise from 1 to
60 rpm and decreased thereafter. 50 pictures were automatically
taken with an integrated CCD camera at each rotational speed and ana-
lyzed regarding thedynamic angle of repose. Therefore, the powder sur-
face in the drum is detected with an edge detection algorithm and
consequently, the angle of powder surface to the horizontal is calculated
for each snap shot. The so called Cohesive Index (CI), calculated by the
software, describes the fluctuation from the dynamic angle of repose
within the 50 taken pictures for each speed. A CI of ~0 means a regular
particle flow, whereas an increased cohesive index (higher fluctuation)
describes an intermitted flow [65,66]. The index is a useful tool to deter-
mine whether the particles unroll regularly or irregularly and whether
they are suitable for the PBF process. However, it is not a quantitatively
evaluated value for the cohesiveness of powders.

Furthermore, two powder rheometers were used to derive an ex-
tended understanding of flowability properties. Measurements with
the Anton Paar rheometer (MCR 302, Anton Paar) were performed in
a powder cell with a two blade stirrer at a height of 10 mm and a pow-
der volume of 60ml at a rotational speed of 0.5 rpm. For the FT4 powder
rheometer (Freeman Technology Ltd.) measurements two different
measurement procedures were applied. The first procedure contains
11 cycles, whereby the first seven cycles are referred to as stability
(S) test and the following 8–11 cycles as variable flow rate (VFR) test.
Fig. 3. AFM-Measurement showing a FLG-particle indicating a max. Height of 9 nm.



Fig. 4. SEM images of coated particles. First row: feedstock AMmaterials, second row: 0.4 wt% SiC, third row: 0.2 wt% FLG, fourth row: 0.4 wt% IOB, first column: 1.4404, second column:
3.2381, third row: 1.2079. Red marking indicates spray agglomerates.
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The starting point of the S + VFR test is a cylinder containing a defined
amount of powder and a blade which is moved into the powder sample
with a constant translational and rotating movement in a down- and
upwards movement. This procedure is repeated seven times with a
blade tip speed of 100 mm/s. This is immediately followed by the
Fig. 5. SEM images of a)1.4404 coated with 0.2 wt%

5

variable flow rate test, where the same test is performedwith a decreas-
ing blade tip speed (100, 70, 40 and 10 mm/s). A conditioning cycle
takes place between each step to remove pre-compaction and excess
air from the powder samples as well as to establish a reproducible
state. This procedure results in the following output parameters:
100 nm SiC, b) 3.2381 coated with 0.2 wt% FLG.



Table 5
Moisture content, reflectance at a wavenumber of 9398 cm−1 corresponding to a wave length of 1064 nm, calculated Si concentration and measured Si concentration by XRF.

Material Moisture content [ppm] Reflectance at 9398 cm−1 [%] Measured Si content by XRF converted in SiC content wt%

1.4404 14.6 11,02 0
0.4 wt% SiC/1.4404 106,0 9,32 0.37
0.2 wt% FLG/1.4404 62.7 7,98 –a

0.4 wt% IOB/ 1.4404 619.6 8,79 –a

1.2709 17.1 10,17 0
0.4 wt% SiC/1.2709 106.2 9,16 0,50
0.2 wt% FLG/1.2709 47.0 7,9 –a

0.4 wt% IOB/1.2709 658.7 7,28 –a

3.2381 48.6 12,66 0
0.4 wt% SiC/3.2381 216.2 11,13 0.39
1.2 wt% SiC/3.2381 421.8 10,76 0.71
0.2 wt% FLG/3.2381 131.0 9,72 –a

0.4 wt% IOB/3.2381 572.3 10,04 –a

a Not measureable with XRF, ICP-OES and TGA.
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• Basic flowability energy (BFE): Energy required to move the blade
through the powder in a downward movement during the seventh
test cycle

• Specific energy (SE): Energy required tomove the blade in an upward
movement through the powder

• Conditioned bulk density (CBD): Bulk density of the conditioned pow-
der sample

• Flow rate index (FRI): Ratio of the energy required to move the blade
through the powder at a blade tip speed of 10 mm/s and 100 mm/s

Regarding second test procedure (permeability test), the blade is re-
placed by a vented piston after three conditioning cycles. The powder is
consolidated in a slowmovement with increasing normal stress from 1
to 15 kPa. In this case, the vessel contains an air supply, which results in
an air flow characterized by a constant speed of 2 mm/s. The output pa-
rameter, pressure drop (PD), at 15 kPa in the powder sample is
determined.

3. Results

3.1. Production of additives in the nanometer range by grinding

The resulting particle sizes are presented in Table 4. The SiC particles
were processed successfully down to 65 nm. A zeta potential of 37.8mV
and viscosity of 1.5 mPas indicates that the suspension is preserved
against agglomeration. The grinding of IOB has an apparent grinding
limit at 300 nm because of insufficient stabilization of the suspension.
An additional steric stabilization should be used for further processing.
Nevertheless, the primary particle size reached is roughly estimated at
100 nm (cf. Fig. 2).

The delamination of graphite to FLG has reduced the particle size
from 4 μm to amedian size x50,3 of 568 nm (cf. Table 4), but particularly
the thickness of graphite flakes was reduced, which can be analyzed by
TGA. TGAwas used to determine graphene-layers by the research group
of Shtein [67]. They were able to show that a bulk characterization of
graphene is possible with the help of TGA. Also they could relate the pa-
rameters mean combustion temperature (CT) and the combustion tem-
perature range (CTR) to structural parameters. Thus, the CT is related to
the mean lateral dimension, the defect density, and thickness of
graphene layers. They related a CT from400 to 500 °C to the combustion
of amorphous carbon and a second thermal event from 575 to 750 °C to
FLG combustion. Whereby, higher combustion temperatures are
assigned to FLG with larger lateral dimensions. Buzaglo et al. [68,69]
and Varenik [70] used the previously presented TGA parameters in ac-
cordance with other measurement methods such as Raman spectros-
copy and AFM.

The CT of the FLG suspension is 608 °C (+/− 6.5 °C) and is located in
the indicated temperature range for FLG. To verify the findings further,
6

two reference samples with 2 nm and 6–8 nm thickness were pur-
chased and analyzed regarding its CT. Thereby, 2 nm corresponds to
about five layers of graphene and 6–8 nm to 17–22 layers (one
graphene layer is 0.35 nm thick [29]). The measurement resulted in a
CT of 592.7 °C for 2 nm graphene platelets and a CT of 664.4 °C for
6–8 nm. Finally, an exemplary AFM-measurement (cf. Fig. 3) proves,
that thin FLG could be produced.

3.2. MMC powder characteristics and homogeneity of coating

The particle sizes of all produced MMC's are provided in the supple-
ment data (cf. Table A1). No significant differences can be observed
compared to the AM feedstock materials. Therefore, no agglomeration
between host particles has occurred. SEM pictures were conducted to
analyze the homogeneity of coatings.Within Fig. 4, the 3 AM feedstocks
andMMC's are depicted at amagnification of 10,000×. In Fig. 5 excerpts
of 1.4404 coated with 0.2 wt% SiC and 3.2381 are depicted, in which ho-
mogenous nanoparticle distribution are apparent.

The modified powders exhibit decreased reflectance at a wavenum-
ber of 9400 cm−1 corresponding to the wavelength of 1064 nm (wave-
length of Nd:YAG often used in PBF-LB/M-Systems [62])(cf. Table 5).
Especially FLG coatings show significantly smaller reflectance. Smaller
reflectance means a higher absorption of the irradiated light and there-
fore more incorporated energy into the powder. As result, the modified
powder can absorb more laser energy and a more efficient PBF-Process
is feasible. The measurement of the actual coating quantity remains
challenging. XRF results are promising for SiC coatings. For FLG coatings,
the carbon content is not detectable with the XRF because of the low
atomic mass [64] and for IOB coatings, the glass bead sample prepara-
tion destroys the IOB (thermal stability up to 900 °C). Furthermore, a
thermal analysis (TGA) is not feasible for such low weight percentages
(0.2 wt%) of carbon and Fe2O3 is not detectable in thermal analysis.
Moreover, Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) was performed, but the samples were not solved completely
in microwave-assisted aqua regia digestion and therefore, no reliable
results could be obtained. Therefore, solely the SiC coatings are
shown in Table 5. To identify the coating quantity of SiC, the theoret-
ically added concentration of the element Si was calculated as
0.28 wt% powders coated with 0.4 wt% SiC (based on molecular
weights). Moreover, for the SiC quantification, the Si content mea-
sured for the feedstock powder is subtracted from the Si content of
the SiC coated powders for determining the added amount of Si. In
a last step, the resulting Si content is transferred into the SiC quantity
by molecular weights. The comparison of the theoretical and mea-
sured Si content reveal a proper coating result for lower coating
quantities (≤ 0.4 wt% SiC), especially for 1.4404 and 3.2381 (cf.
Table 5, table A2.1and table A2.2). For increased coating quantities
>1.2 wt% SiC, the measured SiC content of 0.71 is lower than



Fig. 6. Bulk densities a) and flow functions b) of the feedstock powders and nanocomposite.
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expected. This could be due to loss in the filter cartridges of the flu-
idized bed system with increasing process time.

3.3. Bulk density and flowability measurements with the ring shear tester

In the PBF process, besides particle shape and particle size distri-
bution, the bulk density is an important indicator for material's pro-
cess ability. This is because the higher the bulk density of a powder
for a given density of solids, the fewer pores are present in the
loose bulk material and the higher the density of the applied powder
bed [1]. Well-flowing powders tend to provide a denser packing (see
Hausner [47]), because free-flowing particles can move easily against
each other and by that into open spaces, filling pores. The results
presented here show that a simple determination of the density of
bulk solids can already provide initial information about the flow
7

properties and suitability of modified powders for the PBF process.
The bulk densities of the feedstock materials 1.4404, 3.2381 and
1.2709 and coated MMC's are depicted in Fig. 6a. SiC coated 1.2709
and 3.2381 exhibit higher bulk densities than the starting material.
It can be seen that tripling the amount of SiC in the case of 1.2 wt
% SiC/3.2381 can increase the bulk density of coated 3.2381 further.
For SiC coated stainless steel, no change in bulk density can be de-
tected at a mass concentration of 0.4 wt%. The FLG coated materials
exhibit a slightly lower bulk density for stainless steel and tool
steel, whereas no change could be observed for the aluminum
alloy. Coatings of IOB reduce the bulk densities most significantly
by factors of 0.7, 0.8 and 0.8 for stainless steel, aluminum alloy and
tool steel, respectively. The high standard deviations and low bulk
densities of IOB coatings is due to clumping of the IOB particles,
which induces pores in the powder bed.



Table 6
Hamaker constants CH,11 for host particles, CH,22 for guest particles, and CH,12 for the inter-
action between host and guest particles.

Hamaker constant CH,11 [J]a

1.4404 3,8E-19 based on [74–76]
1.2079 3,9E-19 based on [74,77]
3.2381 3,3E-19 based on [75]

Hamaker constant CH,22 [J]

SiC 2,5E-19 [74,78]
FLG 2,6E-19 [77]
IOB 2,3E-19 [79]

Hamaker constant CH,12 [J]

Host/guest SiC FLG IOB

1.4404 3,1E-19 3,1E-19 3,0E-19
1.2709 3,1E-19 3,1E-19 3,0E-19
3.2381 2,9E-19 2,9E-19 2,8E-19

a Calculation based on elemental composition (cf. Table A3).
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In Fig. 6b the flow functions of feedstock powders and coatings are
depicted. The flow function is derived from three yield loci, which
were measured with the ring shear tester at three different normal
stresses (see chapter 2.3). In general, the feedstock powders exhibit a
good flowability in the easy flowing and even free flowing region
(Jenike's classification, cf. Fig. 6b). Even though the flowability of the
AM feedstockmartials is already in an easy flowing region, the addition
of SiC particles enhanced the flowablity of examined AMMaterials fur-
ther, which can be seen in Fig. 6b (higher ffc-values, which is the rela-
tion of σ1/σc). Analogous to the bulk density, the flowability of all
investigated AM feedstocks is marginally decreased by adding FLG par-
ticles and strongly reduced for coatings with IOB particles (cf. Fig. 6b).

As discussed in the introduction, surface roughness and van der
Waals forces are the predominant factors when considering the
flowability of dry particles. For the calculation of vdW forces, the
Hamaker constant has to be known. Since the Hamaker constants for
the host particles (CH,11) are not known and not reported in literature,
Fig. 7. Schematic drawings of the different models a) Host-Host particle contact proposed by
c) Sandwich model according to Zimmermann d) 3 Point model according to Meyer in side vie
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an estimation based on the elemental composition of the host particles
has to be performed: The mass-related composition (cf. Table A3) was
weighted with the density of the elements to receive the volume-
based composition of the elements in the host particle material. With
the assumption, that the elements are evenly distributed on the particle
surfaces, and by using reported Hamaker constants of the elements (cf.
Table A3), a volume-related Hamaker constant (CH,11) for each hostma-
terial was calculated (cf. Table 6).

In the literature [44,71–73], no distinctions between the Hamaker
constants of the host and guest particles in particle-particle contacts
were presumed. Since an effect cannot be excluded, we introduced a
mixed Hamaker constant (CH,12) which consists of the interaction be-
tween the host particle material (CH,11) and the guest particle material
(CH,22) in vacuum according to Israelachvili [74].

CH,12≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CH,11⁎CH,22

p
ð1Þ

On this basis, the van der Waals forces between two host particles
are calculated according to eq. (2), and the vdW forces for coated host
particles according to Rumpf with eq. (3) [44,80]. Additionally, two
evolved models by Zimmermann [72] and Meyer [43] are discussed
below and presented in Fig. 7. Zimmermann introduced a sandwich
model, in which the interparticle vdW forces are described between
two spherical host particles with one guest particle in the contact
zone (eq. 4). Since just one guest particle in the contact zone is unlikely,
Meyer added a model with three guest particles forming a triangle in
the contact zone.

FvdW,Rumpf ¼ −
CH,11

6 a2
⁎
R2

2⁎R
ð2Þ

FvdW,Rumpf,roughness ¼ −
1
6
⁎ CH,12

R

aþ rð Þ2
þ CH,22

r
a2

" #
ð3Þ

FvdW,Zimmermann ¼ −
CH,12

6
⁎

R⁎r
a2 R þ rð Þ þ

R2

2aþ 2rð Þ2 2Rð Þ

" #
ð4Þ
Rumpf, b) Host particle with roughness against flat wall, proposed by Rumpf and Eber,
w and e) top view on section plane of 3 Point model.



Fig. 8. Calculation of vdW forces: a) comparison of the different models for the material combination of SiC and 1.4404, b) comparison of all material combinations using the model of
Meyer [43] with Hamaker constants from Table 6.
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R is the radius of the host particles, assuming that R1 = R2 = R, a is
the contact distance, and r the radius of the nanoparticles as indicated in
Fig. 7. For Meyers 3 point model, firstly the distance between the host
particles y is calculated with the guest particle distance 2x1 (eq. 5)
and subsequently, the van der Waals forces with eq. (6).

y ¼ 2⁎

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R þ rð Þ2−4

3
x1 þ rð Þ2

r
−R

" #
ð5Þ

Fvdw,Meyer ¼ −
1
6
⁎ CH,22

R2

y2 2Rð Þ þ 3CH,12
Rr

R þ rð Þa2
" #

ð6Þ

Atfirst, the differentmodelswere compared using thematerial com-
bination of stainless steel (1.4404) and SiC (cf. Table 6). The contact dis-
tance between the particles is assumed to be 0.4 nm (proposed by
Rumpf [44]). As shown in Fig. 8a, the minimum vdW force of Rumpf's
estimation is found for a nanoparticle size of about 36 nm. The calcula-
tion using the model of Meyer exhibits slightly higher total vdW forces
and shows a minimum vdW force at 12 nm additive particle size based
Fig. 9. AFMmeasurements of a) 1.4404 su
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on the assumption, that more particles than in the other models are in-
volved in the contact and therefore, more interactions are present. The
sandwich model has the lowest vdW forces and a minimum value at a
guest particle size of 18 nm. In total, every model describes the general
idea of vdW force reduction due to nanoparticles induced roughness.
According to Kleinschmidt [74], Meyer's model is the most viable
model when it comes to geometrical estimations of nanoparticle in-
duced flowability improvements. As a result, for the vdW force calcula-
tion of the actual used material combinations of metal particles and
coated nanoparticles, Meyer's model was used, presented in Fig. 8b.
Since the particle sizes of the host particles (cf. Table 1) and the
Hamaker constants of nanoparticles and host particles (cf. Table 6) do
not vary much, the resulting vdW forces are similar for all material
combinations.

The good initial flowability of the AM materials is due to the low
ratio of van der Waals forces in relation to the forces of gravity and
that a basic roughness of the AM powders is present before coating,
which can be seen infigure (cf. Fig. 9a). However, the theoretical consid-
eration does not take, inter alia, the distribution of additive on the host
particle surfaces or moisture content of the powders into account.
rface and b) coated SiC/14404 surface.



Fig. 10. Bulk densities a) and ffc-values at a pre-consolidation stress of 1 kPa b) of SiC/1.4404 nanocomposite with different additive particle sizes of 65, 100 and 200 nm.Median for native
1.4404 is indicated in horizontal line and standard deviation in grey segment.
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Presumably, the complete inclusion of the initial particles with IOB and
FLG leads to an increase in van der Waals forces since the particles are
covered by a continuous layer. As a result, the host particle's surface
roughness is reduced and the vdW interactions can therefore be de-
scribed by eq. (2) contributing to a decrease in flowability (cf. Fig. 6b).
The roughness of the host particles is not uniform and mostly deter-
mined through craters alternated with large plane surfaces. As a conse-
quence, the addition of SiC particles induces an increase in homogenous
distributed surface roughness and therefore an increase in flowability of
the feedstock material (cf. Fig. 6b and 9b). Besides the distribution of
nanoparticles on the surface of the particles, the water content of the
materials was analyzed (cf. Table 5). As a result, the decreased
flowability of IOB is mainly related to a high water content of
620 ppm, 659 ppm and 572 ppm for 1.4404, 1.2079, and 3.2381, respec-
tively. As shown in Table 5, the three feedstock powders and coatings
with FLG and SiC thereof exhibit smaller moisture contents.
Fig. 11. SEM image of 1.4404 coated with 1.6 wt% SiC 100 nm.
3.4. Influence of additive particle size and surface loading for SiC/1.4404

In Fig. 10a, the bulk density of SiC coated 1.4404 is depicted in rela-
tion to the mass ratio for three different applied particle sizes (65, 100
and 200 nm SiC). For all particle sizes and mass loading, the bulk densi-
ties exhibit lower values than native 1.4404 (4436 kg/m3). This is due to
the addition of particles with a lower density of 3210 kg/m3, which ad-
ditionally acts as spacer and increases the porosity of the bulk material.
Interestingly, differences between the particle sizes at the same mass
concentration are recognizable. 50 nm sized SiC exhibits the lowest
bulk densities, whereas 200 nm and 100 nmhave higher bulk densities.
The reason is that smaller guest particles aremore likely to agglomerate
[81], which leads to amore inhomogeneous distribution of thenanopar-
ticles on the surface of the host particles, and consequently, to an in-
creased porosity of the bulk material. Moreover, as shown in Fig. 6, a
minimum in the van der Waals interaction exists at a roughness of
around 50 nm. However, it seems to be that the minimum occurs at
an additive particle size of 100 nm (highest ffc-value) which leads to
the fact that one particle layer of 100 nm SiC particles induces a rough-
ness of around 50 nm.

At increased mass loadings of 1.6 wt% a minor dependency of parti-
cle size on the bulk density can be observed, which can be explained by
an excess of guest particles forming agglomerates and thus a higher
roughness on the host particles surface, covering it completely
(cf. Fig. 11). The mass loading and particle size variation for ring shear
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test results with a low pre-consolidation stress of 1000 Pa are depicted
in Fig. 10b. Although the flowability of SiC/1.4404 composites is free
flowing according to the above shown classification, differences de-
pending on mass loading and particle size are apparent. It is evident
that 100 and 200 nm SiC increases the flowability at low mass loadings
from 0.1 to 0.4 wt%. 65 nm SiC particles, however, decrease the
flowability as also the bulk density.

3.5. Dynamic angle of repose measurement

The analyzed dynamic angles of repose and Cohesive Indices are
shown in Fig. 12. It was not possible to measure the IOB modified pow-
ders in the rotating drum because a poor flowing behavior leads to
clumping and centrifugation effects. This behavior is well in line with
the relatively poor flowability of this powder (cf. Fig. 6). Measurements
were performed with increasing velocities, followed by decreasing ve-
locities. For clarity reasons, solely the increasing velocity is depicted in
Fig. 12. The difference between “going and returning” is referred to as
hysteresis effect. Generally, no significant hysteresis effect was detected
for the usedmaterial. The differences of increased and decreased speeds
were between 0 and 3° for all examinedmaterials. This confirms that no
agglomeration or segregation occurred while testing.

The dynamic angles of repose (dAoR) for uncoated 1.4404 and the
coated SiC/1.4404 powders are identical for low speeds of 1 to 10 rpm.
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SiC/1.4404 exhibit higher angles than 1.4404 with increasing velocity.
This finding stays in contrast to the ring shear results and also to the
measured Cohesive Index (CI) in Fig. 11b. The FLG coated 1.4404
shows, in total, higher dynamic angles and CI's than the raw 1.4404,
which can be similarly explained to the considerations done in chapter
3.4. The 3.2381 coatings with SiC demonstrate the same tendency ob-
served in the ring shear measurements. SiC coatings exhibit lower
dAoR and CI's, thus, the dynamic flow properties were improved. How-
ever, differences between 0.4 and 1.2 wt% SiC coating cannot be ob-
served in the given standard deviations. An exception is the coating
with FLG, which has a slightly lower dAoR and similar CI. As a result,
the dAoR measurement outweighs the flow properties of FLG coated
Fig. 12. Measurements of a) the dynamic angle of repo
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3.2381 in contrast to the ring shear measurement. Presumptively, no
normal stress is applied and cohesions at dynamic powder state are
lower for FLG/3.2381 coatings. The SiC/1.2709 coating exhibits smaller
angles and CI in comparison to the feedstock material. The flowability
measured with the rotating drum can therefore be interpreted analo-
gous to the ring shear test results. The FLG/1.2709 particles additionally
show similar tendencies to the FLG/3.238 coating. They exhibit larger
dAoR and CI as the feedstock material in the low speed range. With in-
creased speeds above 20 rpm, lower dAoR and higher IC can be ob-
served. For 60 rpm, an increase in dynamic angle of repose and CI can
be detected for several materials, mainly FLG coatings. This could be
caused by aeration effects of the powder in the drum and is therefore
se and b) Cohesive Index for all nanocomposites.



Fig. 13. Measurements of a) the dynamic angle of repose and b) Cohesive Index for SiC/1.4404 with different coating amounts.

Fig. 14. Cohesion strength measured at different mass concentrations and particle sizes.
Median and standard deviation for native 1.4404 is indicated in grey segments.
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not solely related to powder properties, but rather to a measurement-
dependent phenomenon. To investigate the influence of mass loading
of SiC/1.4404 MMC's, different mass loadings of 0.1, 0.2, 0.4, and
1.6 wt% were measured with the rotating drum. The results in Fig. 13
show no significant differences between the coating amounts. In con-
trast to the results obtained with the ring shear tester, showing differ-
ences in coating amounts, the rotating drum method seems to be less
sensitive.

3.6. Flowability measurements with the powder rheometer

In addition to the shownmeasurements, a simple approach to deter-
mine the quality of a powder is presented in Fig. 14. The diagram shows
measurement resultswith a two blade stirrer,which is stirred in a vessel
at constant speed, powder filling level and stirrer height. Moreover, the
required torque is measured. The Torque is subsequently multiplied by
a calibration factor to gain the cohesion strength [82]. Although the bulk
powder is stirred at a constant height andwith a constant speed, similar
tendencies in comparison to the ring shear tests were obtained. The
powdermass of thepowder at stirrer height correspondents to a normal
stress of ca. 1.3 kPa acting on the shear region. The measurements are
therefore comparable to the ring shear measurements in figure10b.
Similarly, SiC particles with a size of 100 and 200 nm show a lower re-
sistance (lower necessary torque to move the bulk powder) than the
feedstockmaterial and the 65 nmparticles. At highmass loadings differ-
ence between the particle sizes increase. The short measurement
time < 2 min and the reproducibility of results due to the fluidization
of powder as a conditioning step are advantages of this method [82].
Therefore, this method is especially valuable for non-time-consuming
quality controls of coated powders and could be used to control produc-
tion processes of MMC's for AM.

Fig. 15 depicts the total energy over the eleven test cycles. The en-
ergy required to move the rotating blade through the powder in a
downward movement is measured. The basic flowability energy (BFE)
corresponds to the value at test cycle 7 and is described by test 1 to
7 at a constant tip speed of 100 mm/s. The FLG coating of 1.2709 and
1.4404 represents a decreased BFE with a value of 655 mJ and 570 mJ,
respectively. A low BFE means that the powder generates a decreased
resistance with which the blade moves through the powder. Accord-
ingly, better flowproperties are attested. Due to the large-surface cover-
age of the FLG, the nanoparticles act as lubricants between individual
metallic powder particles espacially in fluidized condition. The IOB-
coating is characterized by an increased BFE value, consistent with the
findings in ring shear testing and rotating drum measurements. In the
case of the aluminum alloy 3.2381, no positive effects can be achieved
12
with regard to the BFE-value. Here, the original feedstock shows the
lowest value, contradicting previous results.

The specific energy (SE) is measured with a negative 5° helix during
the upwardmovement, so that the powder is slightly lifted. A decreased
value indicates a slight displacement of the powder due to low cohesion
and low mechanical locking between the particles. The SE values (cf.
Table A4) show a tendency in accordance with the BFE. Consequently,
a correlation to the conditioned bulk density is noticeable. A decreased
BFE and SE lead to an increased CBD. Thus, the FLG-coating of 1.2709
and 1.4404 is most efficiently packed, which is beneficial for the PBF-
LB/M process, as a homogeneous powder application is guaranteed
and less voids are created [83].

The flow rate index (FRI) is determined by measuring the total
energy when the tip speed is reduced by a factor of ten (test cycle 8
to 11). Herein, the starting material 1.2709, 1.4404, and their IOB-
coating is particularly noticeable. A significantly increased total en-
ergy is recorded with a decreased tip speed. The SiC and FLG coatings
are characterized by a slight increase. According to Leturia et al. [84],
cohesive powders are more susceptible to flow rate changes because
more voids are released from the powder sample at decreased tip
speeds. In contrast, non-cohesive powders are less sensitive. A possi-
ble correlation to the PBF-LB/M process may indicate that the
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powders exhibiting an increased FRI are more dependent on coating
speed.

The permeability (cf. Fig. 16) is described by a pressure drop with
simultaneously applied normal stress and shows the ability of a pow-
der sample to release entrapped gas [83,85]. The IOB coating is
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characterized by a low pressure drop for all feedstock materials, re-
ferring to an increased permeability. The SiC coatings indicate a
lower permeability due to the increased pressure drop. This effect
is most pronounced at 1.2709. A low permeability indicates a de-
creased amount of cavities and channels between powder particles,
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resulting in an increased CBD [85]. Furthermore, the permeability re-
sults demonstrate that compression has almost no influence on the
permeability of a powder.

4. Conclusions

The results indicate that bulk densities can give first hints
concerning the flowability of modified powders in relation to the feed-
stock powder, i.e. an assessment can be carried out whether a specific
coating is suitable for PBF-LB/M. Ring shear test results show in first ap-
proximation the same tendencies at low executed normal stresses of
0.5, 1 and 3 Pa in comparison to the dynamic measurement results
with the rotating drum. This is in controversy with Spierings et al. [1],
who proposed that ring shear measurements are far away from the sit-
uation in AM, because “the powders are assessed under compressive
load”. This statement seems not to be true for the used low normal
stresses in this study. Furthermore, it was determined that ring shear
measurementsweremore sensitive to small changes in powder compo-
sition (such as different surface loadings) than the measurements in a
rotating drum. The FT4 measurements revealed different tendencies
for the SiC and FLG coatings. In contrast to the ring shear and rotating
drum tests, the coatings with FLG on 1.4404 and 1.2709 exhibit better
flow properties in FT4measurements. This could be due to the different
condition in which the powder is present during the measurement, as
the powder is present in fluidized form. However, the measurement at
low stresses remains challenging and in particular the transfer of mea-
sured flow properties to the real conditions in a PBF process is a crucial
step. Therefore, besides the already executed flowabilitymeasurements
(ring shear, rotating drum, bulk density, and FT4 measurements), fur-
ther investigations are necessary to obtain a holistic understanding of
the influence of conducted nanoparticle coatings on the PBF process.
For instance, amore comprehensive chemical andmetallurgical investi-
gation and measurements of powder bed structure.

Overall, successfully coated commercial metal powders: austenitic
stainless steel (1.4404), Aluminum Alloy AlSi10Mg (3.2381) and tool
steel (2.2709) were achieved. Although the powders exhibited a good
flowability beforehand, an increase of flowability was identified for sil-
icon carbide coatings. Presumably, the reason is related to a decrease in
van der Waals forces due to a higher induced surface roughness. Fur-
thermore, a relation between coating particle size and coating amount
on the flowabilitywas found for 1.4404 coatings. 100 nm silicon carbide
particles, seem to enhance the flowability (measured with the ring
shear tester) the most. Against that, 65 nm coatings decrease the
flowability at low coating amounts. This was assigned to a higher ten-
dency to agglomerate due to a disadvantageous relation of van der
Waals forces, particle size and particle weight. Iron oxide black coatings
exhibit a poor flowability due to high water content, making them un-
suitable for PBF-LB/M process. Few layer graphene coatings exhibit a
homogenous distribution of particles for AlSi10Mg, which resulted in
an enhanced flowability indicated by rotating drum measurements.
The few layer graphene coating on 1.4404 and 1.2709 did not influence
the flowability significantly. For all coating variations an improved laser
absorption was determined, herewith few layer graphene exhibits the
highest laser absorption. Further positive properties, such as increased
heat conductivity for Graphene [28], is reported in literature and
shown in a recent study. Finally, the type of additive material decides
about the flow and absorption properties of modified powders.

5. Outlook

Further investigations will focus on the correlation between executed
flowability measurements and powder bed applying on a PBF building
platform. Additionally, the investigated powders will be utilized in a
PBF-LB/M process and final part properties will be investigated.
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