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ABSTRACT

Achieving the optimal quality for Additive Manufactured (AM) parts does not only
depend on setting the right process parameters. Material feedstock also plays an
important role when aiming for high performance products. The metal AM
processes that are most applicable to industry, Powder Bed Fusion and Directed
Energy Deposition, use metal powder as raw material. Therefore, controlling the
quality and correctly characterizing the particles used in the process is a key step
to successfully apply metal AM techniques. A correct flow of the powder and a
constant apparent density over the build plate/substrate ensure a smooth
process, less porosity and better surface resolution. In the present paper a
methodology for AM powder characterization will be proposed, based on
parameters like particle size distribution and shape, and experimental results will
be presented. A series of representative materials from the above-mentioned
techniques are studied to find the optimal particle parameters required in the
metal AM processes.
Key words: Additive Manufacturing, Powder Bed Fusion (PBF), Directed Energy
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INTRODUCTION

A wide range of metal powders are commonly used as a feedstock for Additive
Manufacturing (AM) techniques [1] such as Laser Beam Melting (LBM), Electron
Beam Melting (EBM) and Directed Energy Deposition (DED). Metal Additive
Manufacturing processes use a power source (e.g. laser or electron beam) to
bind the particles through either a ‘melting’ or ‘sintering’ mechanism [2]. Similar
to other Powder Metallurgy processes the particles play an important role for the
mechanical properties of the parts [3, 4].
LBM and EBM belong to a group of AM techniques called Powder Bed Fusion
(PBF) where the powder is applied in very thin layers and selectively melted with
a laser or electron beam source, respectively. Alternatively, in the DED process
the material is applied through a nozzle over the substrate. Some of the most
significant parameters that determine the component quality produced by Powder
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Bed Fusion processes are the laser power, laser scanning speed, thickness of
the applied layer, diameter of the beam, hatching space and building direction.
These group of features are directly linked to the amount of melted powder
material involved when a part is built [5-7].The average particle size for each
metal AM technology varies. LBM requires the finest particles, ~35 µm diameter
on average, while for EBM this value is around 77 µm and for DED the average
ranges from 50-150 µm [8-10].
This paper investigates specifically the particles role on the LBM process. The
layer of powder applied over the build plate/substrate should be homogenous to
ensure an optimal melting process. Layers that are too thin or too thick will result
in poor mechanical properties due to overheating or lack of fusion. Therefore, the
most critical parameters to study are the powder flowability and apparent density.
The particle size and morphology are key parameters for the correct flowability of
particles during the LBM process. Particles smaller than 10 – 20 µm can
compromise the flowability. Also, spherical particles are desired to ensure a
higher powder bed compaction. And finally, powder defects such as irregular
shape, satellites and hollow particles should be avoided for a better distribution
and less porosity [11]. Satellites are small powder grains stuck on the surface of
a bigger particle. They can be formed either during the atomization process or
when re-using the feedstock in the LBM machine. Further, some particles might
contain internal porosity due to entrapped gas during the manufacturing process.
This can result in lighter material with issues to flow. Furthermore, while the
material is deposited over the build plate, the laser applies an homogenous
amount of energy. If there is a high number of hollow particles this energy will not
be homogenously distributed.
2

MATERIALS AND METHODS

Four typical alloys used in the LBM process, as listed in Table 1, have been
characterized with the objective of studying the influence of the particles
morphology on the density and other features within the building process.
Nomenclature
Inconel 718

Table 1.Studied powdered materials
Alloy system

Supplier

Ni, Cr, Fe, Nb+Ta, Mo

Oerlikon

Ti6Al4V

Ti, Al, V

LPW Technology

Scalmalloy
AlSi10Mg

Al, Mg, Sc
Al, Si, Mg

Airbus APWorks
LPW

The density of the studied materials has been obtained by various methods. The
first two values were calculated using the mixing rule (eq.1), and the expression
for the theoretical pore free density (eq. 2), which yields the density of the true
volume of the sintered material:
𝜌 = ∑ 𝑤𝑖 · 𝜌𝑖

(1)

𝜌′ =

1
𝛴(𝑤𝑖 /𝜌𝑖 )

(2)

where, wi is the weight fraction and ρi the density of the alloy component i.
Equation (1) was used to obtain ρ and ρEDX. The difference between them is that
the first value takes as wi the mass fractions provided by the powder manufacturer
and the second is calculated with the wt. % estimated with Energy2
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dispersive X-ray spectroscopy (EDX). Following the same argument, ρ’ and ρ’EDX
were calculated with equation (2) considering the composition given by the
supplier and estimated by EDX, respectively. And finally, the density was also
measured with a Helium Gas Pycnometer (ASTM B923) [12], yielding the value
ρpycnometer.
Using the standard Hall flowmeter method (ASTM B213) [13] the flow rate ΦHall
and apparent density ρapparent (ASTM B212) [14] were determined for all four
powders. The particle size distribution was obtained with the Mastersizer 2000
(according to ASTM B 822-02) [15]. These experiments were carried out in a
water based wet dispersion. In addition, to improve the sample dispersion and
avoid agglomeration of powders, samples were placed in ultrasonic vibration for
about 5-10 minutes before the measurements. Moreover, deflocculants as Fluicer
PD 96/F and Dolapix CE64 were added to the suspension in order to improve the
dispersion of Ti6Al4V and Inconel 718, respectively.
Finally, powder morphology was examined under the Keyence VHX-5000 digital
microscope. Samples of each material were prepared by embedding the powder
in epoxy resin and polishing. This facilitated the observation of the particles crosssections under the microscope. The obtained data was also analyzed in terms of
particle shape (i.e. aspect ratio) and circularity. Equations (3) and (4) define both
parameters:
𝑓𝑠ℎ𝑎𝑝𝑒 =

𝑚𝑖𝑛𝐷
; {𝑓𝑠 ∈ ℚ | 0 < 𝑓𝑠 < 1}
𝑚𝑎𝑥𝐷

(3)

𝑓𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 =

4𝜋𝐴
; {𝑓𝑐 ∈ ℚ | 0 < 𝑓𝑐 < 1}
𝑃2

(4)

where minD is the minimum particle diameter, maxD the maximum particle
diameter, A the cross sectional area and P the perimeter of the particles.
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3.1

RESULTS AND DISCUSSION

Density

The density highly depends on the powder composition. Therefore, as the weight
fraction of each element might vary across or even within the particles, it is
important to know the average concentration. Table 4 shows a small deviation in
the theoretical density due to variations of the composition (compare  vs EDX
and ’ vs ’EDX). The density value obtained with the pycnometer presents a
somewhat larger error caused by the calibration and (limited) sample size.
Table 2.Density values
ρ

ρpycnometer

(g/cm )

ρ'EDX
(g/cm3)

8.37

8.28

8.26

4.35

4.27

4.36

4.28

4.38

2.69

2.65

2.64

2.62

2.68

2.65

2.65

2.64

2.63

2.65

(g/cm )

ρ'
(g/cm3)

8.37

8.27

Ti6Al4V
Scalmalloy

Material
Inconel 718

AlSi10Mg

3.2

3

ρEDX
3

(g/cm3)

Particle Size Distribution (PSD)

Table 3 shows the obtained particle size distributions for the four studied
powders, indicating the lower 10%, average and upper 10% particle sizes. The
average particle size d(0.5) is very similar, around 35 µm, except for
3

Powder characterization and optimization for additive manufacturing

AlSi10Mg. Furthermore, Inconel 718 presents the narrowest distribution: from
23.90 µm to 53.44 µm, followed by Ti6Al4V. The two Al alloys have a wider size
distribution. However, the applied laser diffraction method is more suitable for
rounded particles as Inconel 718 and Ti6Al4V. As both Aluminum alloys have a
more irregular morphology (to be discussed in the next subsection and Figure 1)
the inaccuracy in the size distribution assessment might also be larger. As
mentioned before, this characteristic (i.e. the PSD) influences the powder
flowability and packing density. The apparent density (see Table 3), which was
calculated with the mass deposited in a 25 cm 3 cup, presents variations in the
four studied alloys. The maximum packing was obtained with Ti6Al4V and the
minimum with AlSi10Mg. This phenomenon occurs due to differences in particle
size distribution (Section 3.2) and morphology (Section 3.3). Ti6Al4V exhibited
the most regular shape, which facilitates the packing. The flowability rate is
largely influenced by the materials density. Despite the fact that the Hall method
takes the same weight, 50g for every material, their volume is inversely
proportional to the density. Therefore, Inconel 718 will always be the fastest one
to flow, while AlSi10Mg will be the slowest.
Table 3. Particle size distribution (PSD)
Material

d(0.1)
(µm)

d(0.5)
(µm)

d(0.9)
(µm)

ρapparent*

ΦHall

(g/cm3)

(g/s)

Inconel 718

23.90

35.84

53.44

4.36 (52.1%)

3.15

22.18

35.14

55.29

2.38 (54.7%)

1.19

34.50

63.95

17.98
1.36 (50.5%)
38.55
66.75
AlSi10Mg
21.93
1.30 (49.1%)
(*) The ρapparent (%) values were calculated dividing by the ρ (Table 2)

0.67

Ti6Al4V
Scalmalloy

3.3

0.52

Morphology and porosity

Figure 1 shows the particles cross-sections. The images provide useful
information such as internal porosity in the powders, morphology and estimated
particle size distribution. Inconel 718 (Figure 1.a) shows an uniform and relatively
round shape with some hollow particles. Ti6Al4V also presents very rounded
particles and a uniform PSD. On the other hand, the particle shape of Alsi10Mg
and Scalmalloy is less regular, internal porosity was higher and the PSD is not
homogenous.

a

b

c

d

Figure 1. Powder cross-sections: a) Inconel 718, b) Ti6Al4V, c) AlSi10Mg, d) Scalmalloy

3.4

Morphological parameters of studied powders

The graphs in Figure 2 show a representation of the Fshape and Fcircle parameters,
which determine both the external regularity and how circular the particle is. This
concept was applied before by [16, 17] to characterize the porosity obtained by a
sintering process.
4

Powder characterization and optimization for additive manufacturing

Figure 2. Fcircle vs. Fshape form parameters for: a) Inconel 718, b) Ti6Al4V, c) Scalmalloy, d)
AlSi10Mg

In Figure 2 the black lines represent the mean, which is the Fshape and Fcircle value
for 50% of the particles set. Ti6Al4V has the highest mean Fshape and Fcircle, due
to its regular morphology. This (i.e. morphology) has a large effect on the
apparent density (Ti6Al4V presents a quite compact powder packing, see Table
3). Alternatively, AlSi10Mg presents, in general, lower values and more
dispersion of Fshape and Fcircle, mainly due to its surface irregularities and satellites.
4

CONCLUSIONS

This study conducted with very different alloys, typically used for LBM, explains
that to be able to correctly characterize AM metal feedstock, a complete
assessment of the morphology, PSD and density has to be carried out. The
information obtained helps to predict and understand the powder behavior over
the build plate. In this investigation the powder that presented the most
homogenous morphology with high Fshape, Fcircle parameters showed the highest
apparent density values. On the contrary AlSi10Mg, with a wide PSD, irregular
morphology and low Fshape, Fcircle values was the lowest in flowability rate and also
apparent density.
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