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a r t i c l e i n f o
Additive manufacturing processes, such as laser powder bed fusion, require steady powder processing but often
exhibit poor flowability and low powder bed densities. Reducing the attractive Van-der-Waals force through
nanoparticle coating can enhance initially poor flowability. We investigated the effect of dry-coating nanosized
SiO2 on gas-atomized CoCrFeNi powders containing different amounts of particles < 20 μmwith respect to nano-
particle concentration andmixing time. The dynamic angle of repose of a 0–90 μmpowder reduced 50% and bulk
powder density increased 30% with nanoparticle concentrations up to 0.153 wt.-%. The granular Bond-number
was correlatedwith the powder flowability and porosity. The effect ofmixing timewas investigatedwithmixing
two fractions 20–90 μm and 0–90 μm at a constant nominal nanoparticle surface area coverage of 128% for 2 to
1440 min. Short mixing times improved the flowability, while extensive mixing resulted in nanoparticle
reagglomeration and deteriorated flow.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Laser powder bed fusion (LPBF) is a powder-based additive
manufacturing (AM) technology that has gained increasing industrial
and scientific attention due to its unique advantages, such as high geo-
metrical component freedom and additional product functionality
[1–3]. LPBF is nowadays frequently used for prototyping and the pro-
duction of single components.

Metallic parts are synthesized with layer wise distribution of metal
powders and subsequent laser fusion. For a high product quality, unim-
pededpowderflowisanessentialpowderproperty,whichdecisivelyen-
sures stable and reproducible processing [4]. According to Geldart [5]
powders can be classified into four groups based on their gas-solidfluid-
ization:groupA-aeratable,B-bubble-ready,C-cohesiveandD-spoutable.
The powder handling behavior is dependent on the density ratio of par-
ticles and ambient gas-phase and average particle size. Group C and A
areparticularly relevant forAM,ascommonAMpowderswithaparticles
sizeof40–100μmandagoodflowability canoftenbeassigned togroupA
[6].However,particle interaction forces increasewithdecreasingparticle
size. This leads to an increasingly cohesive behavior. Powder processing
er).
of group C particles is therefore considerably more critical and becomes
a challenging task under LPBF conditions [7]. Powdermetallurgy compa-
nies usually provide feedmaterials for AM produced with gas atomiza-
tion processes ranging from 1 to 200 μm. For LPBF, these powders are
further fractionated (e.g. 20–63 μm for lightweight materials and
10–45 μm for heavier metals) to ensure the powder processability of
Geldart group A for LPBF processing.

It is known from other industrial powder applications, such as phar-
maceutical and food processing [8–10], that the flowability of particu-
late materials is a complex interaction of powder characteristics such
as particle size distribution (PSD), particle morphology, surface chemis-
try and texture, chemical composition and moisture [11,12]. The
resulting powder processing properties such as the flowability depend
on the mechanical load applied by the feeding equipment [13]. Particle
interactions caused from interparticle forces such as the Van-der-Waals
force, local chemical bonds, electrostatic charges and liquid bridging of
adsorbed secondary substances such as air moisture have a significant
influence on powder cohesion and thereby particulate flow [14]. In
the absence of capillary or electrostatic forces, a good estimation of
the flow behavior or cohesion can be derived from the ratio of the
short-range Van-der-Waals attraction force to the inertial force of the
powder, introduced by Castellanos [15], also known as the granular
Bond-number BoGranu.
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Nomenclature

AM Additive manufacturing
LPBF Laser powder bed fusion
PSD Particle size distribution
A J Hamaker-constant
a Fitting parameter
b Fitting parameter
BoGranu granular Bond number
D1,2 m Sauter-mean diameter
DG m Guest-particle diameter
DH m Host-particle diameter
DG,aggl m Agglomerated guest-particle diameter
H0 m Contact distance
FG N Gravitational Force
FVdW N Van-der-Waals Force
g m/s2 Gravitation constant
mH kg Host powder mass
Mk,t Moment of the particle size distribution
m Fitting parameter
n Fitting parameter
Q3 Cumulative size distribution
SACnom nominal surface area coverage
SACreal real surface area coverage
SG m2 Projection area of guest-particles
SH m2 Host surface area
SH,m m2/kg
Mass-specific host surface area
tmix min Mixing time
v vol.-% Volume concentration
V m3 Volume
w wt.-% Weight concentration
x-y-z m Scan directions
z0 m Minimal contact distance
α ° Dynamic angle of repose
ρB kg/m3 Bulk powder density
ρG kg/m3 Guest material density
ρH kg/m3 Host material density
ε Powder porosity
σ Geometric standard deviation
BoGranu ¼ FVdW
FG

¼ FVdW
π
6 gρHD

3
H

ð1Þ

Powders with a higher attractive Van-der-Waals force FVdW than
gravity force FG, calculated from the gravity constant g, the mean parti-
cle size DH and particle density ρH, are considered cohesive (BoGranu >
1). If the attraction between particles is lower compared to their specific
gravity force (BoGranu < 1), a powder has a rather non-cohesive behav-
ior, typically seen for coarse particles of Geldart groupA and B [9]. Based
on this consideration, it is evident that particle size plays a prominent
role in the flow of a powder. However, if the particle size and shape
are invariable within the process, one can only modify the particle sur-
face chemistry or surface morphology to alter the flow behavior [11].
Surface modification processes such as nanosized coating of the micron
sized particles is possible with dry-coating [16] or suspension-
processing [17]. These processes change the particle's surface roughness
and show a significant effect on the particle interaction [18]. Such adhe-
sively bonded nanoparticles then act as artificial roughness separating
interacting particles and lowering the particle distance-dependent
Van-der-Waals force. Thereby they are considered as flow regulators.
Therefore, the cohesiveness of a powder can be altered with dry-
coating of a material, thereby reducing BoGranu towards the non-
cohesive regime. Dry-coating aims at overcoming the operational diffi-
culties of cohesive powder handling.

Decisive for the effectiveness of the coating are the technology used,
the size of the adsorbed nanoparticles and their surface energy. In a de-
tailed article Sharma and Setia [14] summarizedmany different types of
dry-coating processes and their process-specific effects on the coating
quality. Based on the magnitude of energy input, a basic distinction
can be made between low, medium and high shear mixing [19]. As an
example, Sunkara and Capece [20] showed how high shear mixing
with a vibratory mixer compared to a low shear Turbula mixer leads
to amore uniform distribution of hydrophobic SiO2 on various hostma-
terials. More efficient deagglomeration, dispersion and uniform distri-
bution on the host material led to an improved flowability of the
binary mixtures. Both the usedmixing technology and the chemical na-
ture of the guest- and host-particles have significant effects on
flowability. Huang, et al. [21] and Capece, et al. [9] investigated the in-
terplay of surface energies between guest- and host-particles. The
silanization of host-particles led to different degrees of hydrophobic in-
teractions and therefore reduced the BoGranu. Furthermore, hydrophobic
host-particles showed an effective reduction of the acting attraction
force compared to hydrophilic guest-particles. Yang, et al. [22] also
demonstrated a clear improvement in the flowability of corn starch
using hydrophobized compared to hydrophobic nanosilica. This was at-
tributed to the reduction of liquid bridges. Zhou and Zhu [6] showed
that optimal fluidization and flowability of Geldart Group C powders
can be obtained by nanoparticle modification. Crucial criteria are the
size and concentration of the deposited guest-particles. Thus, by com-
paring several studieswithin theworking group, an optimalfluidization
was achieved with a surface coverage of 10–20% and a mass concentra-
tion of 0.5–1 wt% nanoparticles [23–25].

Chen, et al. [26] and Jallo, et al. [27] calculated BoGranu of silane sur-
face treated and nanosilica dry-coated alumina particles with direct
atomic force microscopy (AFM) interparticle force measurements.
Their data correlated with the static angle of repose in a logarithmic
manner and was described as a useful index for bulk-level metrics, un-
fortunately without reporting the correlation values. Capece, et al.
[18,28] introduced the power law relationship of Eq.(2) (a and b are
fitting parameters) between theflow function coefficient and calculated
BoGranu of microcrystalline cellulose powders dry-coated with hydro-
phobic SiO2.

ffc ¼ a BoGranuð Þ−b ð2Þ

Apart from powder flowability, other powder processing properties
are governed by particular interactions. The powder bed porosity ε is
often related to the packing behavior of powders. When a powder is
dry-coated with nanoparticles, ε is calculated from the ratio of the
bulk powder density ρB and host-particle density ρH in Eq. (3).

ε ¼ 1−
ρB

ρH
ð3Þ

Yu, et al. [29] generalized the macroscopic packing behavior of
smooth glass spheres with microscopic interparticle forces with
Eq. (4), were ε0 is the minimum porosity of a loose or dense powder
packing and m and n are fitting parameters. Capece, et al. [9] extended
this equation to dry-coated pharmaceutical host-particles with oxidic
nanoparticles and found a good agreement between BoGranu and ε.

ε ¼ ε0 þ 1−ε0ð Þ exp −mBoGranu
−n� � ð4Þ

It is useful to generalize both powder flowability and powder pack-
ing, as the key process metrics of feedstock materials. Our study uses a
similar approach, enabling the quantification of the flowability and
lose powder packing through the granular Bond-number.
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To this date the concept of nanoparticles acting asflow regulators for
poorly flowingmetal powders has rarely been reported in the realm of
AM technology. Blümel, et al. [30] dry-coated a poly-ethylene powder
(45–100 μm) with 0.5 wt.-% of hydrophobic and hydrophilic silica for
10min. Itwas shownthat theflowabilityandbulkpowderdensity signif-
icantly increasewith theadditionof nanoparticle. Thehydrophobic silica
showed a higher effectiveness compared to hydrophilic ones. In a patent
Peng, et al. [31] describes the flow improving effect of dry-coating Ni-
based metal powders with nanosized SiO2 and carbon black. Using
0.008 wt% hydrophobic silica and a mixing time of 10 min, a fraction
10–45 μm could be well distributed in powder layers. Melnichuk, et al.
[32] report a decreasing dynamic angle of repose when using LaNi5
(13–60 μm) dry-coated with hydrophobic nanosized SiO2 between 0.1
and 2 wt.-%. At 0.1 wt.-% the greatest flowability enhancement was
found. Further addition of SiO2 showed an increasing dynamic angle of
repose. Karg, et al. [33] dry-coated for 1 h different pure aluminumpow-
der fractions below 63 μmwith 0.3 wt.-% surface treated hydrophobic
nanosizedSiO2 forLPBFprocessingofAl\\Cupowdermixtures.Thestatic
angle of repose as ameasure of flowability was shown to drastically de-
crease with the additional nanoparticles. The same amount of SiO2 was
used for different cohesive powder fractions. In a second study Karg,
et al. [16] evaluated the influence of particle size and -morphology of
anuntreatedanddry-coatedAl\\Si powder on thepowder spreadability
andLPBF componentdensity. Thepowdersweremixedwith 0.5wt%hy-
drophilic SiO2 for 15, 30and60min.Dependingon themixing time, after
an initial increase in flowability, a deterioration was observed after 30
minmixingof the20–50 μmfraction.Noneof the aforementioned publi-
cations relate their findings to a minimum nanoparticle concentration
depending on the powder size fraction to sufficiently improve the
flowability ofmetallic powders for AM technologies. This workwill pro-
vide fundamental knowledge of how low nanoparticle concentrations
improve the flowability of metallic powders. Moreover, we will show
that dry-coating conditioning enables the use of fine particle fractions
<20 μmwhilemaintaining sufficient flowability for AM applications.

2. Theoretical background

2.1. Attraction force models

Powder cohesion is governed by numerous interparticle forces be-
tween constituting particles of a powder. Amultitude of differentmath-
ematical approaches are available for calculating the interaction of
particles [34]. The computationof dominant attraction forces aims at un-
derstanding andpredictingpowderhandling properties, sincefine pow-
ders tend to poor processing behaviors. In nanoparticle dry-coating the
contact models attempt to predict the interparticle forces betweenmi-
crometer sized particles acting as a host-particle for adhering nanosized
guest-particles. In theabsenceof capillaryandelectrostatic force, particle
attraction is caused predominantly by the attractive short-range Van-
der-Waals force FVdW between interacting particles. When two equally
sized perfectly smooth host-particles separated by the so-called mini-
mum contact distance z0, the dominant interaction force between the
hosts FVdW,H-H from Eq. (5) is directly proportional to the particle size
DH and thematerial's Hamaker constant AH [35].

FVdW,H−H ¼ AHDH

24z02
ð5Þ

However, if a particle has a rough surface with radii of curvature,
Eq. (5) overestimates the attraction force. Chen, et al. [36] modified
the well-known Rumpf [37] model in Eq. (6) and showed that a hemi-
spherical single asperity of guest-particle size DG between contacting
host-particles DH, mimicking a rough particle surface, increases the dis-
tance between particles and is thereby able to reduce the net attraction
force FVdW,H-G.
587
FVdW,H−G ¼ AH−G

12z02
3DGDH

DG þ DH
þ DH

2 H0=z0ð Þ2
� �

ð6Þ

The first term of Eq.(6) accounts for the contact between guest- and
host-particle, whereas the second defines the interaction between host-
particles at a separation distanceH0= z0+DG/2.When two chemically
different materials interact, the Hamaker constant AH-G is found using
Eq. (7) [38].

AH−G ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
AHAG

p
ð7Þ

On the basis of themodified Rumpf [37] model, Chen, et al. [36] pre-
sented a more realistic approach for calculating the host-particle sepa-
ration distance H0 in Eq. (8) as a function of the surface area coverage
(SAC) and therefore locating multiple guest-particles on a globular
host-particle surface rather than between opposing surfaces.

H0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DH þ DGð Þ2− 1:21

SAC

� �
DG

2

s
−DH ð8Þ

The arrangement for amechanically stable interparticular support of
guest-particles between host-particles is described by Zimmermann,
et al. [39]. Three guest-particles are individually distributed at the verti-
ces of an equilateral triangle on the host-particle surface. The nominal
SACnom is calculated from the projection area of the guest-particles SG,
the number of nanoparticles NG and the absolute surface of the host-
particles SH. The nominal SAC is an accessible parameter that can be
helpful in comparing dry-coating processes for different size combina-
tions of guest- and host-particles.

SACnom ¼ SG∙NG

SH
ð9Þ

SG ¼
ffiffiffi
3

p

2
DG

2 ð10Þ

The projection area SG of a guest-particle in a hexagonal ordering on
the host surface is derived from the average size DG given for example
by adsorption measurements [40].

The absolute host-particle surface is determined from the mass-
specific surface area SH,mand the powder massmH, given with the den-
sity ρH and the Sauter mean diameter D1,2 of the host powder.

SH ¼ SH,m∙mH ¼ 6
ρHD1,2

mH ð11Þ

The Sauter mean diameter is a metric accounting for the surface S to
volume ratio V of a powder and is calculated from the division of the 3rd
and 2ndmomentMk,t or reciprocal momentwith k=1 and t=3 of the
particle size distribution in Eq. (12).

D1,2 ¼ 6V
S

¼ M3,0

M2,0
¼ 1

M−1,3
¼ M1,2 ð12Þ

Under the assumption that the guest-host-contact of the first term is
primarily determined by the guest-particle, Eq. (8) is substituted in
Eq. (6) and the attraction force FVdW,H-G of two uniformly coated host-
particles is calculated from the so-called three-point-contact model of
Eq. (13) [36].

FVdW,H−G ¼ AH−GDG

4z02
þ AH−G

24DH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ D

DH

	 
2
− 1:21

SAC

� � DG
DH

	 
2
r

−1

" #2 ð13Þ



At low surface area coverage, the nanoparticle concentration is too
low to effectively increase the distance between host-particles. At an in-
creasing number of guest-particles on the host surface, the spacing of
the guest-particles in the equilateral triangle reduces and the
host-particles depart from each other. The critical guest-particle con-
centration, determining the onset of the host-particle separation from
increasing SAC is given in Eq. (14) [41].

SACH−G ¼ 1:21

1þ 2 D
DG

	 
 ð14Þ

If the host-particles are coated with an increasing concentration
of guest-particles in a hexagonal arrangement, the nanoparticles
can precisely submerge into the coating vacancies of the neighboring
particle (critical SACG-G of 45.3%) [39]. The interaction of the particle
system is exclusively determined by guest-guest-contacts. At such
high concentrations, FVdW,G-G is similarly to Eq. (5) calculated with the
guest-particle size.

FVdW,G−G ¼ AGDG

24z02
ð15Þ

2.2. Guest-particle size effect

To emphasize the importance of guest-particle size on the reduction
of attraction force between metal particles, FVdW,H-G is calculated from
Eq. (13) for a SACnom of 10% for three differently sized powder fractions
in Fig. 1. The Hamaker constant of the used material CoCrFeNi has been
taken as that of pure iron according to the Frenkel relation (AFe =
2.2·10−19 J) [42,43]. The attraction force increases with increasing
host-particle sizes (D1,2), but decreases with increasing guest-particle
size. The increasing spacing between host-particles, due to the presence
of guest-particles, eventually runs into a minimum of the attraction
force. The presence of nanoparticles prevents the contact between
host-particles. However, the size of the guest-particles determines the
extent of the effective adhesion reduction. The optimum guest-particle
size for the minimum adhesion force is therefore also defined by the
size of the host-particles [22]. From this point on, the nanoparticle coat-
ing develops its own contribution to the attraction force, guest-host in-
teractions become pronounced. Thus, the total adhesive force increases
and becomes independent of the host-particle size for these greater
host-particles.

Zhu, et al. [45] describe the effect of guest-particle agglomeration on
the effectiveness of adhesion reduction. The distribution of thenanopar-
ticles is determined through the material properties and the coating
procedure. The agglomeration tendency of the guest-particles leads to
an increase in the effective guest-particle size and a decrease in surface
Fig. 1.Guest-particle (SiO2) size effect on attraction force according to the three-point contactm
2.2·10−19 J) [43,44].
area coverage. Both effects result in an increasing interparticular cohe-
sion. The aim of the coating procedure must therefore be to deposit
guest-particles as small as possible on the host surface to achieve the
best possible flowability.

2.3. Flowability assessment

A large variety of bulk level testingmethods is available for assessing
the flow-improving effect of nanoparticles. In the field of AM, although
there is still an ongoing discussion, about reliable analytical methods
best describing the flowability ofmetal powders during layeringmacro-
scopically, the static and dynamic angle of repose, the latter is also
known as the avalanche angle, and the bulk powder density are often
used for this purpose [4]. At themicroscopic scale Vallabh andCetinkaya
[46] measured the spatial adhesion distribution on a single Molybde-
nummicroparticle via ultrasonic and surface acoustic wave based exci-
tation techniques. Possible adhesion effects between interactions
partners during AM processing were derived. Adhesion measurements
of silica coated polymers with various surface coverages were per-
formed with an atomic force microscope by Zhang, et al. [47]. They re-
ported for an increasing nanoparticle concentration with a decreasing
particle adhesion. However, in this study we used macroscopic bulk
methods as they have shown to give good relative descriptions for
dry-coated powders by many authors [12,16,45,48,49]. Zhou and Zhu
[6] and Han, et al. [25] employed three different bulk measuring
methods (avalanche angle, static angle of repose, powder rheometry)
to quantify the flowability improvement of polymeric powder and
glass beads with increasing nanoparticle concentration. The results
showed significant differences between the static angle of repose and
the higher dynamic angle of repose of 5 to 20°. However, it is stated
that themeasurement device should be chosen close to the powder ap-
plication. It is therefore reasonable to use a measurement technique re-
sembling the powder distribution process in an AM machine. If the
flowability of metallic powders is evaluated on the basis of the dynamic
angle of repose α, recent literature is incapable of providing a limiting
value αlimit, belowwhich the spreading of a powder in an LPBFmachine
is guaranteed. According to Carr [50], the flow behavior of powders
givenwith the angle of repose α can be divided into three different clas-
ses of angles with >55° (very poor flowability), 46–55° (poor
flowability) and < 45° (excellent to passable flowability).

2.4. Materials

2.4.1. Metal powder synthesis
The host-particle material for this study (Co25Cr25Fe25Ni25) was

melted in an alumina crucible at 1680 °C (superheating of 250 °C) and
gas-atomized under Ar inert gas atmosphere. The experimental atomi-
zation set-up is further described by Schwenck, et al. [51] and Beckers,
odel calculated from Eq. (13) (SACnom=10%, z0= 0.4·10−9 m, ASiO2= 6.5·10−19 J, AFe=



Fig. 2. Volume Q3 based cumulative particle size distribution of CoCrFeNi powders.
et al. [52]. Pycnometer measurements at room temperature of the frac-
tion 0–90 μm resulted in a density of ρH = 8.35 ± 0.02 g/cm3.

2.5. Nanosized additive - SiO2

Hydrophilic amorphous fumed silica SiO2, the guest-particles in this
study (Aerosil® 200) (CAS-Nr.: 772945–52-5), was purchased from
Evonik Degussa GmbH. The manufacturer reports the product of flame
hydrolysis of ρG = 2.2 g/cm3 density to have a BET surface area SBET of
175–225m2/g and therefore a BET average particle size of 13.6 nm [53].

3. Methods

3.1. Powder classification

The gas atomized powder was fractionated with standard Retsch
test sieves of 45, 63, 90 μm in a serial manner by separating feed
amounts of 100 g (Table S1). Two fractions (0–90 μm & 0–63 μm)
were air-classified under Ar inert gas atmosphere and fines <20 μm
were removed. The finest size fraction 0–20 μm resulted from this sep-
aration step. These powderswere named as host-particles in the follow-
ing sections.

3.2. Particle size measurement

Particle size distributionmeasurementswere performedwith a laser
diffraction instrument (Mastersizer 2000,Malvern Instruments GmbH).
The powder was suspended in water at 20 °C and measured above a
laser obscuration of 10%. From these measurements the host surface
area SH was calculated.

3.3. Surface modification by dry-coating

A three-dimensional free-fall shaker mixer (Turbula T2F, WAB
GmbH) was used to mix 25 g of dried (2 h at 200 °C) metal powder
and nanosized SiO2 in 20 ml glass containers at a rotational speed of
101 rpm. The moisture of each sample was kept as low as possible
using silica gel pads. The use of a low intensity powder blender has
been shown to effectively disperse nanoparticle onto hostmaterials ear-
lier by Zimmermann, et al. [39] and Meyer and Zimmermann [54] and
more recently by Sunkara and Capece [20].

The effect of additional nanoparticles on the metal powder flow be-
havior was investigated for various nanoparticle concentrations. The
powders were mixed for 20 min with increasing nanoparticle concen-
tration (Table S2). The flowability was also studied for increasing
mixing times (tmix = 2; 6; 20; 60; 180; 360; 1440 min) at a constant
SACnom of 128 ± 5% (wSiO2/(0–90μm) = 0.067 ± 0.001 wt.-% / wSiO2/

(20–90μm) = 0.043 ± 0.001 wt.-%) for two different powders (0–90 μm
/ 20–90 μm) (Table S3). In this case the Sauter mean diameter of the
0–90 μm fraction was D1,2 = 25 μm.

3.4. Morphology and surface characterization with SEM and AFM

Scanning electron microscopy (SEM) images were acquired with a
ZEISS-SUPRA40 equipped with Inlense and secondary electron (SE) de-
tectors. For the qualitative observation an accelerating voltage of 2 kV
(Inlense) & 7 kV (SE) and a working distance of 2.9 mm (Inlense) &
7.1 mm (SE) were employed.

Surface topography scans (4 × 4 μm) of 15–20 μm sized single parti-
cles of fraction 0–90 μm were performed in air with atomic force mi-
croscopy (AFM) (Nanowizard 3, JPK) in tapping mode at room
temperature. Silicon probes of type TESPV-2 (320 kHz, 42 N/m) were
used for AFM imaging. The tapping frequency was set to 300.841 kHz
with a phase shift of−167° and a drive amplitude of 0.04 V. Subsequent
to the scanning of the sample, the curvature of the spherical particle
could be eliminated by means of 2nd degree polynomial background
removal using the free-access software Gwyddion. Single representa-
tive height profiles were extracted.
3.5. Flowability characterization

The dynamic flow test was performed with a self-designed device
consisting of a CCD-camera (26 frames per second), a motorized pow-
der drum and a light source, which were placed on an optical bench.
The powder drum with a diameter of 31 mm and length of 25 mm
was filled with 25 g powder mass. The dynamic angle of repose α was
determined with recording the avalanching powder and calculating
the average angle of the upper powder skin towards the lowest ava-
lanche point and the intersecting horizontal plane at a rotation speed
of 5 rpm. When the powder showed an average angle larger than 55°,
manual measurements of at least 10 avalanches were performed. The
bulk powder densities ρB were measured with pouring the metal pow-
ders into a 10 ml flask and manually reading the pile surface top.
4. Results and discussion

4.1. Size and morphology of raw uncoated powders (host-particle)

The PSDs of all powders are shown in Fig. 2 according to their cumu-
lative powder volume Q3 of each particle class and characteristic values
are summarized in Table S1. To describe a PSD different characteristic
values are available. Often in LPBF related publications local values of
the volume-based distribution are used, such as the mass median parti-
cle size D50,3, or similarly D10,3 and D90,3. These values refer to the parti-
cle size at which a certain percentage of a distribution is smaller than a
specific size, however, distribution width and shape are not taken into
account by these characteristics. To ensure comparability between the
fractions the Sauter diameter D1,2 is used. This work investigates the ef-
fect of dry-coating on the dynamic angle of repose and the bulk powder
density of powders containing different amounts of fine particles <20
μm. One set of powders D1,2 = 33 μm (20–63 μm) and D1,2 = 38 μm
(20–90 μm) contained low amounts of fines <20 μm of 8 vol.-%. The
other set D1,2 = 22 μm (0–90 μm), D1,2 = 19 μm (0–63 μm), D1,2 = 16
μm (0–45 μm) and D1,2 = 8 μm (0–20 μm) showed steadily increasing
amounts offines<20 μmfrom23 to 95 vol.-% and decreasing upper par-
ticle sizes, respectively.

SEM images confirm predominantly spherical shape with only very
few satellite structures present (Fig. 3). The surface of all powders ap-
pears free of pores and relativity smooth. In summary, powders with
varying average particle size and quantity of fine particles <20 μm
with spherical shape were produced.



Fig. 3. SEM images of uncoated CoCrFeNi powders of different size distributions. The scaling of the finest powder D1,2 = 8 μm is 50 μm in comparison to 100 μm of all other fractions.
4.2. Nanoparticle concentration effect on flowability

The effect of the nanoparticle concentration and its contribution to
the flow behavior of the CoCrFeNi powder was studied with a nominal
SACnom between 4 and 300% at a constant mixing time of 20 min. The
dynamic angle of repose and the bulk powder density were measured.
Since nanoparticle agglomeration is often observed in dry-coating
[55,56], SACnomwas raisedwell above 100%. Increasing the nanoparticle
SACof all powders led to a decreasingdynamic angle of reposeα (Fig. 4).
Each data point in the diagram represents one mixing experiment.
Uncoated fractions containing fines <20 μm (D1,2 < 23 μm) show a
high dynamic angle of repose of 63–78°. According to Carr [50] such a
flowability can be ranked as ‘very poor’. If the fine fraction is removed,
the angle α reduces to 55° and 45° for LPBF fractions D1,2 = 33 μm
(20–63 μm) and D1,2 = 38 μm (20–90 μm). Both powders were spread
horizontally with a brush like feeder in a LPBF machine (Aconity Mini,
Aconity GmbH). The finer powder D1,2 = 33 μm (20–63 μm) qualita-
tively showed a tendency to inhomogeneous powder layering as
powder lumps and cm-sized uncovered areas in the powder layer
were visible from spreading a 50 μm layer. In comparison, the powder
D1,2 = 38 μm (20–90 μm) was well spreadable without any layer
Fig. 4.Dynamic angle of reposeα of CoCrFeNi coatedwith SiO2 at 20minmixing timewith
two differently scaled SACnom regions from 0 to 25% and 25 to 300%.
imperfections. Therefore, the arithmetic mean of the dynamic angle
of repose between both powders is considered the limiting value
αLimit = 50° and is assigned for the minimum necessary dynamic
angle of repose for LPBF applications. This is in good agreement with
the flowability categorization according to Carr [50], who differentiates
between ‘poor’ and ‘very poor’ flowability for critical static angles of re-
pose above and below 55°, respectively. Once coated, the dynamic angle
of repose of all powders declines below αLimit with increasing nanopar-
ticle concentration. In a first region of lower nominal nanoparticle
SACnom, relatively large changes of the dynamic angle of repose until ap-
proximately 20–25% SACnom were observed for powders containing
fines <20 μm. Fractions without fines were less significantly altered
with the addition of nanoparticles as their initial uncoated flow behav-
ior is already considered ‘better flowing’. In a second region, moderate
changes were detected, indicating a maximum flowability enhance-
ment with increasing surface coverage of nanoparticles. The error bars
originate from the measurement of the dynamic angle of repose of at
least 10 avalanches. The variations of the dynamic angle of repose
within each mixing experiment generally decreases with increasing
flowability.
Fig. 5. Bulk powder density ρB of uncoated and coated CoCrFeNi for a 20minmixing time
with two differently scaled SACnom regions from 0 to 25% and 25 to 300%.



Fig. 6. SACnom dependent flowability images, surfacemorphology and AFM surface topographies of single particles of fraction 0–90 μm (D1,2 = 22 μm) at 20minmixing time. The shaded
areas in the AFM single profiles are assigned to the nanoparticle coverage.

Fig. 7. Bulk powder density ρB (top) and dynamic angle of repose α (bottom) of each
powder upon 129 ± 5% SACnom SiO2 coating for 20 min.
In order to determine the coating effect on the powder bed, the bulk
powder densitiesweremeasured (Fig. 5).Without dry-coating, the frac-
tion D1,2 = 8 μm showed the lowest bulk powder density ρB of 3.1
g/cm3. Increasing the Sauter diameter led to denser powder packing
and higher bulk powder densities for the uncoated fractions D1,2 = 8
μm, D1,2 = 16 μm, D1,2 = 19 μm and D1,2 = 22 μm. Removing the fine
powder <20 μm further increased the powder packing for conventional
LPBF fractions as high as 4.6 g/cm3. The data showed only slight devia-
tions within each mixing experiment resulting in small error bars. For
all powders, there was already a detectable increase in bulk powder
density ρB at low concentrations of nanoparticles up to 10% SAC. Further
increasing the SACnom resulted only in minor changes and solely for the
smallest powder the decrease was relevant.

With close examination of the host surface (SEM and AFM) and the
resulting flow behavior (images of qualitative funnel outflow and dy-
namic angle of repose) of fraction D1,2 = 22 μm (0–90 μm) a clear
shift in guest-particle arrangement from patch-like to loosely adhering
aggregates was observed (Fig. 6). The uncoated surface was smooth
and AFM topography scans showed microscopic depressions in the
range of 80 nm. From this smooth and even surface strong interparticle
forces result in low flowability. At low SACnom (<15%), an increasing
concentration of darker patch-like nanoparticle aggregates is seen
from SEMmicrographs and additional roughness in the tens of nanome-
ter was detected in AFM topographies. With further increasing nano-
particle concentration (>48% SAC) more loosely bonded nanoparticle
aggregates of varying size, between 10 and 100 nm, were dispersed
on the host surface. At high SACnom (>128%) aggregates andmicrometer
sized agglomerates are found on the host surfaces as a result of
insufficient deagglomeration. The nanoparticles can adhere to the
host-particles as well as to each other because of various interaction
forces. Since the nanoparticles were processed under ambient condi-
tions and a relative humidity greater than zero, water vapor condensa-
tion on the nanoparticle surface is expected. This causes the formation



Fig. 9. Bulk powder density ρB (top) and dynamic angle of repose α (bottom) of fraction
0–90 μm (D1,2 = 25 μm) and 20–90 μm (D1,2 = 38 μm) at ~128 ± 5% SACnom for
different mixing times.
of a structured water molecular layer on the nanoparticle surface [57].
The resulting solvation and capillary forces dominate the overall adhe-
sion characteristics of the interaction forces [58].

Meyer and Zimmermann [54] predicted the maximum reduction of
Van-der-Waals force once the transition from guest-host to guest-guest
contacts occurs at a SACnom of 45.3%. At this concentration, the nanopar-
ticles should arrange themselves uniformly in a hexagonal pattern in a
monolayer. However, our surface analyses revealed a formation of dif-
ferently structured aggregates, resulting in drastically lower real SACreal.
Still, theflowabilitywas significantly affected, such that after a SACnomof
129% only slight reductions of the dynamic angle of repose were ob-
served. It is therefore reasonable to assume, that the attraction force
has beenminimized through the additional roughness of the nanoparti-
cle coating and inertial forces have a more pronounced effect on the
flowability. In Fig. 7 uncoated and coated (129% SACnom) powders are
compared. The weight force scales with the host-particle size resulting
in denser powder packing and improved flowability with increasing
particle size. In cases where guest-particle coatings were applied, pow-
der densities and the dynamic angle of repose continued to this trend.

Following the concept of calculating the acting force ratio on un-
coated and coatedmetal particles fromEq. (5) andEq. (13), the granular
Bond number BoGranu is correlated with the powder flow performance
in Fig. 8. The surface analyses showed strong deviations between the
nominal SACnom and a real coverage SACreal distributed on themetal par-
ticle surface. From image analyses of single SEMmicrographs anaverage
real SACreal of 5% and the agglomerated guest-particle size DG,aggl of 100
nm were deduced (Table S4).

Similar to Capece, et al. [18], we used an empirical power law ex-
pression to correlate the dynamic angle of repose and the computed
BoGranu according to the Sauter diameter of the powder. The best fit
was found for the fitting parameters a = 21.40 and b = 0.13 with R2

= 0.84 based on the calculation of smooth, uncoated host-particles
and the three-point contact model when coated.

α ¼ a BoGranuð Þb ð16Þ

Discrepancies from the fit were observed for the dynamic angle of
repose greater than or equal αLimit. As dry-coating also showed a strong
Fig. 8.Powder porosity ε (top) and dynamic angle of reposeα (bottom) as a function of the
granular Bond-number BoGranu calculated from Eqs. (1) and (13) for SACreal= 5%< SACG-G
and DG,aggl = 100 nm approximated from SEM image analysis.
altering effect on the bulk powder density, we compared the powder
bed porosity ε of Eq. (4) proposed by Yu, et al. [29] with computations
of BoGranu. This relation proved particularly useful for correlating our re-
sults for metal powders with the governing forces of dry-coated parti-
cles. We found the best fit for n = 0.27 and m = 13.06. The ε0 was set
to 0.38. With the assumptions made from Capece, et al. [9], the best fit
of Eq. (4) with our data set was obtained with n = 0.20 and m =
3.84, which is in good agreement with the original literature.
4.3. Mixing time dependency of coated powders

Variations of the nanoparticle concentration resulted in different
sizes and arrangements of the guest-particles on the host surfaces. The
process kinetics of dry-coating an assembly of guest-particle aggregates
can be separated into two regimes according to Blümel [56]: (i) coating
(increasing aggregate concentration) and (ii) decoating (decreasing ag-
gregate concentration). To account for the effect of mixing time, the
powder flowability and bulk powder density were investigated for
mixing times varying from 2 to 1440 min (24 h) (Fig. 9). These experi-
ments were performed using two powder fractions with low (20–90
μm, D1,2 = 38 μm) and high amount of fines <20 μm (0–90 μm, D1,2

= 25 μm), respectively, while maintaining a constant nanoparticle
load (SACnom = 128 ± 5%). The surface loading was chosen to ensure
that sufficient guest-particles were available for a maximum force re-
duction. Amaximum reduction of the dynamic angle of repose occurred
from 65 to 40° for the fine D1,2 = 25 μm and 48 to 28° for the coarser
fraction D1,2 = 38 μm after 6 min of mixing. Similarly, the bulk powder
densities increased from 4.68 to 5.10 g/cm3 (fine) and 4.63 to 5.03
g/cm3 (coarse), respectively. Longer mixing times of up to 360 min
caused a significant increase of the dynamic angle of repose and a
slightly decreasing powder bulk density of D1,2 = 38 μm. However,
the powder packing of D1,2 = 25 μm remained unaffected. Excessive
mixing until 1440min yielded a dynamic angle of repose of 51° exceed-
ing the value of the uncoated powder of the fraction D1,2 = 38 μm. Re-
duced bulk powder densities were found for both fractions, although
more pronounced for the fraction with fines D1,2 = 25 μm. At long
mixing times the dry-coated powders surpassed αLimit again and their
flowability was too low for LPBF processing.

The surface analyses of fraction D1,2 = 25 μm showed changing
guest-particle arrangements as result of increasing mixing time



Fig. 10. Mixing time dependent flowability images, surface morphology and AFM surface topographies of single particles of fraction 0–90 μm (D1,2 = 25 μm) at ~128 ± 5% SACnom. The
shaded areas in the AFM single profiles are assigned to the nanoparticle coverage.
(Fig. 10). At a short mixing time of 2 min, micrometer-sized SiO2 ag-
glomerates are broken up between colliding metal particles [19,59].
The shearing fragments from the collisions loosely adhere to the surface
of the host-particles as aggregates of 20 to 110 nm size (AFM height)
with relatively small distances to each other (see AFM profile for 2
minmixing time). The homogeneously distributed guest-particle aggre-
gates prevent further host-contacts and moreover increase the contact
distance. Consequently, the attraction forces are reduced, resulting in
a strong decrease of the dynamic angle of repose and increase of the
bulk powder density [15,54]. The number of collisions between metal
particles and adhering guest-particle structures increases for longer
mixing times. Reagglomeration or decoating was seen at 20 and 60
min evident from the larger aggregate size (≈ 150 nm, estimated
from SEM micrographs) and lower aggregate concentration on the
host surface. When the size of the guest-particle aggregates increases,
the Van-der-Waals force determining host-guest interaction simulta-
neously increases (see Fig. 1). Therefore, the powder flowability de-
creases. Exceptionally long mixing times increased the effect of
reagglomeration, further decreased the number of guest-particle aggre-
gates and caused the compaction of agglomerates into patch-like struc-
tures of narrow height (30 to 80 nm) and hundreds of nanometers
lateral expansion. As a result, the distances between SiO2 guest-
particles has increased and host-particle contacts are less effectively
prevented. An increasing cohesiveness of the metal powders was ob-
served [45].

Unlike often reported in literature [21,22,39,48,49,54,60] an inho-
mogeneous discrete coating rather than a continuous coating or even
film of nanoparticles was observed with different experimental tech-
niques in this study. The metal powder used in this work had a density
of about 8.35 g/cm3, which is approximately four times higher com-
pared to host powders used in the pharmaceutical industry, from
which most of the literature originates. In a free-fall shaker mixer
metal particles of high kinetic energy during the fall will more effec-
tively disintegrate initial nanoparticle agglomerates into aggregates ad-
hering on the host surface duringmixing. Meyer and Zimmermann [54]
show for a similar mixing process and nanoparticles but less dense
host-particles (cornstarch with a density of 0.5–1.5 g/cm3) a much
slower kinetic of the improvement of powder flowability. This leads to
our assumption, that in a free-fall situation the deagglomeration of
nanoparticles is driven from the density and therefore kinetic energy
of the host-particles. Since high surface concentrations of guest-
particle aggregates are favorable for the reduction of Van-der-Waals
force [56], shorter mixing times are preferable for metal powders, due
to the inherent mixing energy of the metal powders. Therefore, dry-
coated metal powders with low SACnom (< 20%) showed a less pro-
nounced flow improvement, when extensively mixed. Reduced mixing
times will increase their effectiveness on the reduction of powder
cohesion.

5. Conclusions

The capabilities of conditioning AM powders with dry-coating of
nanoparticles was demonstrated for different powder fractions <90
μm of an equimolar alloy metal powder (CoCrFeNi). Dry-coating with
~13 nm sized SiO2 nanoparticles led to a substantial improvement of
flowability and bulk powder density. The functionalization of all studied
fractions decreased the dynamic angle of repose below 50° and an over-
all reduction of nearly 30 to 50% was achieved. The bulk powder densi-
ties of fractions containing high amounts of fines <20 μm between 23
and 95 vol.-% were increased by 20–30%. The preserved fine fraction
clearly demonstrates the potential of nanoparticle dry-coating for AM
technologies. Coarser fractions that are more common in LPBF (20–63
μm and 20–90 μm) were densified by 10%. Low amounts (0.03 to 0.2
wt.-%) of nanoscale SiO2 resulted in a reduction of the distance-
controlled Van-der-Waals force and enhanced powder flowability and
packing. The flow performance und powder bed porosity of uncoated
and coated powders was successfully described with the granular
Bond number BoGranu for metallic powders. The obtained correlations
were in good agreement with respect to literature findings for
non-metallic materials. SEM and AFM analyses of metal powder sur-
faces revealed that the effectiveness of the coating is determined by ag-
glomeration of the nanoscale additives. Both the nanoparticle
concentration and themixing time are critical process-determining fac-
tors. Best coating results were achieved for short mixing times up to 6



min. Intensive mixing over a longer period (1 to 24 h) caused
reagglomeration of the nanoparticles. The cohesion-reducing effect of
the artificial roughness diminished and the powder performance was
reduced.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2020.10.065.
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