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A B S T R A C T

Laser powder bed fusion (LPBF) additive manufacturing technology is sensitive to variations in powder particle
morphology and size distribution. However, the absence of a clear link between the powder characteristics and
the LPBF performances complicates the development, selection and quality control of LPBF powder feedstock. In
this work, three Ti-6Al-4 V powder lots produced by two different techniques, namely, plasma atomization and
gas atomization, were selected and characterized. Following the micro-computed tomography analysis of the
powder particles’ morphology, size and density, the flowability of these powder lots was concurrently evaluated
using Hall and Gustavsson flowmeters and an FT4 powder rheometer. Using established rheology-based criteria,
a figure of merit was proposed to quantify the overall powder suitability for the LPBF process. Next, the same
three powder lots were used to 3D-print and post-process a series of testing specimens with different layer
thicknesses and build orientations, in order to establish a correlation between the powder characteristics and the
geometric and mechanical properties of a final product. This study demonstrates that the use of highly spherical
powders with a limited amount of fine particles promotes their flowability and yields LPBF components with
improved mechanical and geometric characteristics.

1. Introduction

Laser powder bed fusion (LPBF) is a rapidly expanding technology
for the additive manufacturing of complex metallic parts. The tech-
nology works by stacking successive layers of fused metal powder to
form a part [1]. With the LPBF process, each layer of the part is created
using a high power laser that selectively fuses particles laying on the
powder bed; then, a recoating system uniformly spreads a new layer of
powder over the previously fused one – to create a next layer and so on,
until the entire part is formed [2].

A large variety of metals and metallic alloys can be employed to
manufacture parts using the LPBF process. The powder feedstock is
generally obtained using the gas or plasma atomization techniques.
Some recent studies have also shown the relevance of water-atomized
powders for AM applications [3,4]. As discussed in [5,6], each pro-
duction technique is known to yield a certain set of specific powder
characteristics in terms of morphology, size, porosity, and chemical
composition of powder particles.

The above-mentioned characteristics are the main factors influen-
cing the rheological behavior and packing efficiency of the powder, and

represents an area of research interest, which has led to numerous
studies investigating this relationship [7–9]. In the context of these
studies, several relations between the powders’ characteristics and their
rheological behavior have been established, for example: a wider par-
ticle size distribution (PSD) increases the packing density, but decreases
the powder flowability; coarse particles have better flowability than
their fine counterparts; spherical particles simultaneously promote both
the powder packing efficiency and the powder flowability, etc.

A number of studies investigating the influence of certain powder
characteristics on the mechanical properties of printed parts can also be
reported. A large part of these publications focuses on the impact of
particle size distributions. For example, Spierings and Herres [10]
showed that when a PSD of 316 L stainless steel powder is shifted to-
wards fine particles, powder packing, and therefore printed part density
and surface finish are improved. On the other hand, when this PSD is
shifted towards coarse particles, higher elongations at break are ob-
tained. Comparable results were published in [8,11,12].

Next, Liu and Wildman [13] studied gas-atomized 316 L stainless
steel powders and reported that the narrower the particle size dis-
tribution, the higher the mechanical resistance and hardness of printed

https://doi.org/10.1016/j.addma.2019.100929
Received 6 August 2019; Received in revised form 28 October 2019; Accepted 28 October 2019

⁎ Corresponding author.
E-mail addresses: salah-eddine.brika.1@etsmtl.net (S.E. Brika), morgan.letenneur.1@etsmtl.net (M. Letenneur), cdion@pyrogenesis.com (C.A. Dion),

vladimir.brailovski@etsmtl.ca (V. Brailovski).

Additive Manufacturing 31 (2020) 100929

Available online 06 November 2019
2214-8604/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2019.100929
https://doi.org/10.1016/j.addma.2019.100929
mailto:salah-eddine.brika.1@etsmtl.net
mailto:morgan.letenneur.1@etsmtl.net
mailto:cdion@pyrogenesis.com
mailto:vladimir.brailovski@etsmtl.ca
https://doi.org/10.1016/j.addma.2019.100929
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2019.100929&domain=pdf


components. The authors also evaluated powder bed densities by de-
signing a special container trapping powder during the build, and de-
monstrated a direct correlation between the measured powder bed
density and the density of printed parts. More counterintuitive results
were found in [14] where AlSi10Mg powder with a wider powder size
distribution resulted in a more efficient powder packing, but relatively
modest printed part densities. Furthermore, Seyda and Herzog [5]
compared three Ti-6Al-4 V powders from different production routes.
Despite differences in terms of particles morphology, surface roughness
and powder size distribution, comparable results in terms of part den-
sities and mechanical properties were reported. On the other hand,
however, Baitimerov and Lykov [15] studied three different AlSi12
powder batches and reported that a batch with better followability and
packing density yielded printed parts with higher densities.

Notable discrepancies in the results obtained indicate that the re-
lationship between the characteristics of powder feedstock and those of
printed parts is complex and depends not only on the powder chem-
istry, particle morphology and size distribution but also on the per-
formances of a given LPBF system. From this assertion stems the ne-
cessity to adapt the existing powder characterization techniques to the
LPBF process, and to propose novel experimental procedures and nu-
merical tools allowing the prediction of the in-process performances of
powder feedstocks, as clearly expressed in [16–18].

In this work, to continue bridging the aforementioned gap, a com-
parative study of three Ti-6Al-4V powder lots is carried out using dif-
ferent powder characterization techniques. The study starts with the
geometric characterization of different powder lots (PSD, morphology,
porosity), continues with their flowability study, and ends with the
mechanical and geometric characterization of components printed with
these powder lots.

2. Methodology

For the present study, the following workflow was established:

• Select powder lots to study
• Carry out geometric and rheological analyses of the selected pow-
ders
• Print specimens from the selected powders and characterize their
powder bed and printed densities, geometric attributes, and me-
chanical properties

2.1. Selection of powder lots

To assess the impact of powders’ PSD, morphology and porosity on
their flowability and LPBF process performances (surface finish and
accuracy, smallest printable features, and mechanical properties), three
Ti-6Al-4V powder lots were ordered from two suppliers employing two
different production techniques, namely gas atomization and plasma
atomization; the latter is known to yield more spherical and less porous
powders as compared to the former [5,6].

For this study, three powder lots were selected, namely:

• Powder 1 from gas atomization production route.
• Powder 2 from plasma atomization production route with a PSD
close to that of Powder 1.
• Powder 3 from plasma atomization production route with a PSD
slightly different from those of Powders 1 and 2.

Powder 1 was supplied by EOS (EOS GmbH, Munich, Germany).
Powders 2 and 3 were supplied by PyroGenesis (PyroGenesis Additive,
Montreal, Canada): Powder 2 corresponds to a standard 20–53 μm
product, while Powder 3 corresponds to a 15–45 μm.

The comparison between Powders 1 and 2 is expected to allow
clarifying the impact of sphericity and porosity of powder particles on
the LPBF process performances, while the comparison between Powders
2 and 3 is expected to provide an insight into how the LPBF process
performances are affected by variations in powders’ PSDs.

Chemical compositions of three powder lots were provided by the
powders producers and all of them respect the specifications defined by
the ASTM B348 – grade 23 Standard as shown in Table 1.

Nomenclature

AB As built
AE Aeration energy
AM Additive manufacturing
AMS AM suitability factors
BFE Basic flow energy
BR Build rate
CI Compressibility index
Dv Diameter of a volume-equivalent sphere
E Energy density
E Young's modulus
h Hatch spacing
HSS High speed steel
LPBF Laser powder bed fusion
mair Sample's mass in the air
mwater Sample's mass in the water
NMP Average normalized mechanical performance
P Laser power
PBD Powder bed density
PD Pressure drop

PSD Particle size distribution
Ra Profile roughness arithmetical mean
SE Specific energy
SEM Scanning electron microscope
Sp Surface area of a particle of a given volume
SR Stress relief
Ss Surface area of an equivalent sphere with the same volume

as the particle studied
UTS Ultimate tensile strength
YS Tensile strength
t Layer thickness
v Scan speed
Vp Volume of the particle
XY Horizontal build direction
Z Vertical build direction
δ Elongation at break
μ-CT Micro computed tomography

c Conditioned bulk density
c Cohesion coefficient

water Water density

Table 1
Chemical compositions of three powder lots studied in this work (in wt. %).

Element Powder 1 Powder 2 Powder 3 ASTM B348 Test method

C 0.01 0.01 0.02 0.08 (max) ASTM E1941
O 0.11 0.12 0.11 0.13 (max) ASTM E1409
N 0.020 0.004 0.020 0.030 (max) ASTM E1409
H 0.0030 0.0037 0.0080 0.01250 (max) ASTM E1447
Fe 0.190 0.145 0.180 0.250 (max) ASTM E2371
Al 6.30 6.21 6.26 5.50-6.50 (range) ASTM E2371
V 4.10 4.00 3.85 3.50-4.50 (range) ASTM E2371
Ti Balance Balance Balance Balance ASTM E2371
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2.2. Powder lots characterization

2.2.1. Particle size distribution, morphology and porosity
Powder particles were analyzed using an XT H225 X-ray μ-CT

(computed tomography) system (Nikon, MI, USA). A plastic capillary
tube (inner diameter of 0.8 mm, wall thickness of 0.1mm, length of
32mm) was filled with powder, sealed and installed on a μ-CT sample
holder. The samples were scanned using a transmission scan source
with a Beryllium target configured with a 145 kV scan voltage and
19 μA beam current. The scanned volume was then reconstructed using
the CT Pro 3D software (Nikon, MI, USA) with a voxel size of 1.331
μm3. The file obtained was analyzed using the Dragonfly software
(Object Research Systems, QC, Canada) allowing the isolation of
powder particles, the generation of their 3D representations and the
calculation of several metrics of interest for each of them. First,
Dragonfly was used for pore detection in powder particles and the
evaluation of their cumulative volumes. Next, the particles sphericity
was estimated using the following formula [19]:

=Sphericity Ss
Sp (1)

where Sp is the surface area of a particle of a given volume and Ss, the
surface area of an equivalent sphere with the same volume as the
particle studied. Particles’ morphology was also analyzed visually by a
Hitachi TM3000 scanning electron microscope (Tokyo, Japan).

Finally, the volume-based particle size distributions were generated
by evaluating the diameters of volume-equivalent spheres using the
following formula [19]:

=D V6
v p

1
3

(2)

where Dv is the diameter of a volume-equivalent sphere and Vp, the
volume of the particle.

2.2.2. Rheological properties
The flowability of powders was evaluated using three character-

ization setups: Hall and Gustavsson flowmeters and an FT4 powder
rheometer (Freeman Technology, UK). Hall and Gustavsson flowmeters
are common measurement setups used in the industry to assess metal
powder flow rates. The main differences between them is that the
funnel angle in the Gustavsson flowmeter is steeper, while the bottom
opening is smaller as compared to the Hall flowmeter, thus making the
former more adapted for poor flowing powders. Both methods were
employed in this work to facilitate the comparison with other ASTM/
ISO-based studies. ASTM-B213 2017 standard was used for the Hall
flowmeter measurements and ISO-13517 was followed for the
Gustavsson flowmeter measurements.

An FT4 powder rheometer, being more sensitive than the rather
simplistic funnel-based techniques, is intended to provide a finer eva-
luation of the rheological behavior of powders. Several testing modes
are available for evaluating the powder behavior under various con-
ditions, with each mode providing some insights into the powder
rheology. Detailed presentation of the available testing modes and a
complete list of software outputs of FT4 powder rheometers can be
found in the manufacturer’s documentation and publications [20,21].
For this study, five testing modes were selected, namely dynamic flow,
aeration, permeability, compressibility, and shear testing modes. The
following is a brief presentation of these testing modes.

1 In the dynamic flow test, a vessel is filled with powder and the
torque applied by the rotating blade moving through the powder
bed is recorded. The program output includes several metrics: the
basic flow energy (BFE), which represents the energy recorded in
the seventh repetition during the downward motion (confined mo-
tion), the conditioned bulk density ( )c , which represents a bulk

density of the conditioned powder bed, and the specific energy (SE),
which represents the energy recorded during the upward traverse of
the blade (unconfined motion).

2 The FT4 powder aeration test allows the measurement of the flow
energy of a loosely packed powder bed by introducing air at dif-
ferent velocities and recording the resistance to the blade rotation.
The software outputs include the aeration energy (AE).

3 Powder compressibility is evaluated by applying an increasing
compressive load with a vented piston to evaluate the powder bed
volume change as a function of the applied force. A compressibility
index (CI) is generated by dividing the compressed powder bed
density by the conditioned bulk density ( )c measured prior to start
of the compression cycle.

4 The FT4 permeability test measures the ease with which a powder
bed releases entrapped air. Air is introduced at the bottom of the
powder column and increasing levels of compressive force are ap-
plied with a vented piston. During the test, the air pressure is
monitored as a function of the applied load, and the pressure drop
(PD) is calculated.

5 The FT4 powder rheometer allows also the evaluation of shear
stresses required to initiate the powder flow under consolidation. As
an output, several metrics of interest can be extracted, one of them
being the cohesion coefficient (c).

For each rheological assessment mode presented above, the mea-
surements were replicated three times using fresh samples of each
powder, and the average and standard deviation values were calcu-
lated.

Note that flowability is not an inherent property of powder, but
rather, it is a function of the ability of powder to flow in a desired
manner in a given application. A review of the LPBF literature indicates
the benefits of maximizing the powder bed density in order to minimize
the by-products porosity, improve heat dissipation and powder ab-
sorptivity, in addition to homogenize the interactions between the laser
beam and the newly deposited powder layer (interaction laser-gas voids
differs from interaction laser-material) [22–26]. Powder bed uniformity
is also an influential factor on the quality of LPBF builds where uneven
layers (thickness, curliness, agglomerates) may lead to variations in the
dynamics of the laser-material interactions, thus causing some proces-
sing issues [27,28]. The goal during the recoating operation of the LPBF
process is to spread a thin, dense and uniform powder layer, while
causing minimum disturbances to the parts being manufactured and to
the loosen powder surrounding the printed part. In order to facilitate
the comparison of three powder lots and evaluate their suitability for
LPBF, different criteria were defined and expressed in terms of the FT4
generated indices as shown in Table 2.

Table 2
Rheology-based criteria for the LPBF suitability of metallic powders (up ↑ and
down ↓ arrow directions indicate the favorable trends for LPBF).

Criterion FT4 indices

Powder bed density Good packing ability ↑Conditioned bulk density ( )c
↓Compressibility (CI)

Low entrapped air ↑Conditioned bulk density ( )c
↓Compressibility (CI)

Good ability to release
entrapped air

↑Permeability (↓PD)

Powder bed uniformity Low tendency to
agglomerate

↓Aeration energy (AE)

Low mechanical
interlocking

↓Specific energy (SE)
↓Cohesion coefficient (c)

Minimal disturbances Low resistance to flow ↓Specific energy (SE)
↓Basic flow energy (BFE)

↑: index to maximize, ↓: index to minimize.
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2.3. LPBF specimens manufacture

Various characterization specimens were manufactured with the
selected powder lots to link the particles’ morphology and size dis-
tribution to the LPBF process performances, more specifically the
powder bed and printed part densities, as well as to the surface finish,
accuracy, minimum printable design features and mechanical proper-
ties of printed parts. The following is the list of the specimens manu-
factured (see also Figs. 1 and 2):

• Powder bed density specimens (Fig. 1a adapted from [26])
• Printed part density specimens (8mm-diameter, 15mm-height cy-
lindrical samples); not shown
• V-shaped roughness specimens containing four planar faces oriented
to the build plate under angles 0, 45, 90 and 135° ((Fig. 1b) adapted
from [29])
• Geometric artifacts: sink, gap and wall minimum printable design
features in the range of 0.1 to 2mm: (Fig. 1c-d-e) adapted from [30]
• Tensile specimens (Fig. 1f) with two build orientations; “XY” (hor-
izontal - along the build plate) and “Z” (vertical - perpendicular to

the build plate), in conformity with ASTM–E8/E8M 2016 specifi-
cations

All the specimens of this study were manufactured with two powder
layer thicknesses (30 and 60 μm) using an M280 400W Ytterbium fiber
laser system (EOS GmbH, Munich, Germany) equipped with a HSS
(high speed steel) doctor blade and the default programs provided by
the manufacturer for these two layer thicknesses, namely, the “Ti64
Performance”, for a 30 μm layer thickness and the “Ti64 Speed”, for a
60 μm layer thickness (PSW version 3.6). The respective LPBF para-
meter sets are listed in Table 3.

The energy density (E, J/mm3) and the build rate (BR, cm3/h) are
defined by Eqs. (3) and (4):

=E J mm P
h v t

( / )
* *

3
(3)

=BR cm h h v t( / ) * *3 (4)

where P is the laser power; h, the hatching space; v, the scanning speed,
and t , the layer thickness.

Several replicates (6 powder bed density capsules, 2 printed density
specimens, 3 V-shaped surface roughness specimens, 2 geometric arti-
facts and 5 prismatic blanks for tensile specimens) were printed for
each type of specimens. The specimens’ positions were kept identical
during repetitive builds (two for each powder lot). All powder bed
density specimens (Fig. 1a) and some prismatic blanks were reserved in
the as-built state, while the remaining specimens were heat-treated
using the EOS-recommended stress relief conditions (800 °C for 4 h in
argon atmosphere) and a Nabertherm N41/H furnace (Lilienthal, Ger-
many). The specimens were detached from the build plate using a band
saw.

Note that rectangular prismatic 80×16×3mm3 blanks produced
in two build orientations were machined to obtain dumbbell-shaped
tensile specimens with a gauge length of 27mm according to the ASTM-

Fig. 1. Printed specimens (dimensions in mm): a) powder bed density capsule, b) V-shaped specimen, c) minimum sink artifact, d) minimum gap artifact, e)
minimum wall artifact, f) tensile specimen machined from blanks (printed in horizontal and vertical directions); bold arrows indicate the build orientation of each
specimen.

Fig. 2. Example of a build plate with printed specimens for process char-
acterization.
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E8/E8M 2016 standard specifications as shown in Fig. 1f. The effect of
the build orientation (vertical or horizontal), the post-processing
treatment (as-built “AB” and stress-relieved “SR”), and the layer
thickness (30 and 60 μm) were investigated.

2.4. Measurements of powder bed density and characterization of printed
specimens

2.4.1. Powder bed density
Powder bed density (PBD) is an important property affecting the

process performances and it depends not only on the powder char-
acteristics, but also on the spreading mechanism at play. In this study,
PBD was evaluated using cylindrical capsules (Fig. 1a) positioned in
different regions of the build plate. Each capsule traps a certain quan-
tity of loose (unfused) powder which is spread during printing, thus
allowing post-process measurements of the powder bed density. Once

the build is completed, the PBD capsules are detached from the build
plate, the support structures removed and the capsules ground to obtain
a flat bottom surface. The capsules are then emptied and the masses of
the entrapped powder are measured using an analytical balance (Sar-
torius SECURA324-1S readability 0.1 mg). The empty capsules are then
filled with distilled water to measure their volumes and calculate PBDs.
The detailed measurement procedure is presented in [26].

2.4.2. Density of printed specimens
The density of printed specimens was measured using Archimedes’

technique (ASTM B962–15) with a Sartorius VF4601 density kit and a
SECURA324-1S analytical balance with 0.1 mg readability. To this end,
cylindrical specimens were weighed in air (m )air and distilled water

m( )water mixed with a wetting agent. Their densities were calculated
using Eq. (5).

Table 3
Printing parameters.

Power (W) Speed (mm/s) Hatching (mm) Layer thickness (mm) Build rate (cm³/h) Energy density (J/mm³)

280 1200 0.14 0.03 18.1 27.8
340 1250 0.12 0.06 32.4 37.8

Fig. 3. a) SEM micrographs of Powders 1, 2 and 3); geometric analysis of three powder lots: b) cumulative particle size distributions; c) particle sphericity dis-
tributions; d) particle equivalent diameters (Powder 3); e) particle sphericities (Powder 3).
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= m
m m

air

air water
water (5)

where the water density water was calculated at room temperature
(23 °C). Each measurement with a dry/dried specimen was replicated
three times.

2.4.3. Surface roughness
A Mitutoyo SJ-402 surface roughness tester equipped with a

12AAB403 standard stylus (tip radius of 5 μm) was used to measure
profile roughness arithmetical mean deviations (Ra) on four differently
oriented faces of V- shaped specimens (Fig. 1b). Three 4 mm-long linear
measurements were performed on each surface of the specimens in the
directions parallel to the build direction, according to the ISO
4287:1997 specifications.

2.4.4. Geometric artifacts: minimum printable design features
Geometric artifacts allowing the quantification of minimum prin-

table design features, namely, the minimum achievable walls, sinks and
gaps, were printed from each powder lot (Fig. 1c-d-e). A CLEMEX, STC-
TC202USB-AH optical microscope (magnification 6.8, accuracy±
0.03mm) was used to measure the features of interest.

2.4.5. Tensile properties
Tensile testing was carried out using a Minibionix 858 system (MTS,

Eden Prairie, MN, USA) equipped with an MTS 634.12e-25 ex-
tensometer and having a crosshead speed of 0.375mm/min, corre-
sponding to a strain rate of 0.8 s−1. Tensile testing was carried out for
each studied configuration in three replicates. Using the generated
stress-strain diagrams, the mechanical properties, i.e., the ultimate
tensile strength UTS (MPa), the yield strength YS (MPa), the Young’s
modulus E (GPa), and the elongation at break δ (%) were evaluated.

2.5. Statistical analyses

In order to validate a statistical significance of the results obtained,
statistical tests were carried out. The analysis of variance (ANOVA) was
used to evaluate whether the differences between three powder lots
were significant for a given layer thickness. The student test (t-test) was
used to compare the results obtained for a given powder lot, but with
two different layer thicknesses. The P-values of the F-test (ANOVA) and
t-test (student) were used as indicators, and where the P-value was
smaller than 0.05, the difference between the means of the samples at
the 5 % significance level was considered to be statistically significant.

3. Results

3.1. Particle size distribution, morphology, and porosity

In terms of morphology, SEM micrographs (Fig. 3a) show that
Powders 2 and 3 are highly spherical, while Powder 1 particles are less
regularly shaped. These differences can be explained by the differences
in the production routes used, with the plasma atomization (Powders 2
and 3) yielding more spherical particles than the gas atomization
(Powder 1), as discussed in [6].

Comparing the PSDs of the selected powder lots (Fig. 3b and
Table 4), it can be seen that Powders 1 and 2 have comparable size
distributions, while Powder 3 has a wider distribution, which shifts
towards fine particles. These observations are further refined by the
micro-tomography based analysis (Fig. 3c and Table 4), which points to
differences between the two plasma-atomized powders, Powder 3
containing a smaller amount of spherical particles and more irregularly
shaped agglomerates of coarse and fine particles than Powder 2.

Fig. 3d,e shows an output example of the Drangonfly software
images used to analyze the μCT- generated data where each particle is
isolated. Several metrics of interest are calculated and can be visualized

in such a 3D representation. (Note the difference in the number of
analyzed particles for the SEM and μCT analyses: a few hundred for
SEM versus more than ten thousand for μCT, which makes the latter
analysis more informative.)

Particle porosities were isolated using the μCT-generated files by
detecting the closed pores and reporting the metrics of interest in
Table 4. The ratio in percentage between the total number of particles
and the particles containing internal pores shows that Powder 2 has the
lowest amount of porous particles. Next, the percentage of porosity was
calculated by dividing the total volume of pores by the total volume of
particles. Powder 3 shows a lower porosity, which correlates with the
smaller pore size D50 (Table 4). The porosity of Powder 1 was not
calculated due to an extremely high amount of open pores.

3.2. Rheological properties

The rheological properties of three powder lots evaluated using Hall
and Gustavsson flowmeters and an FT4 powder rheometer are reported
in Table 5. The ranking of flow rates obtained using the flowmeters, the
calculated Hausner ratio (closer to unity, better flowability), and the
Carr index (smaller value, better flowability) correlate with the results
of the sphericity evaluation, where more spherical powders (Powders 2
and 3) flow easier through the funnels due to a lower surface friction
and mechanical interlocking. Lower flowability of Powder 3 as com-
pared to that of Powder 2 could be explained by a higher amount of fine
particles in the former, which increases inter-particles friction and co-
hesion forces.

The apparent and tapped densities results also correlate with the
sphericity of powder particles, where the more spherical Powders 2 and
3 are able to achieve a more efficient packing. The same tendency is
observed with a powder rheometer where the differences in particle
sphericity can explain the results obtained. The main rheology-gener-
ated indices are also reported in Table 5.

The basic flow energy (BFE) represents the energy needed to cut
through the powder bed, while the specific energy (SE) provides in-
dications about the mechanical interlocking and the cohesive forces.
The lowest BFE and SE values are obtained for Powder 2 and the
highest, for Powder 1, pointing to a superior flowability of more
spherical powders. The plasma-atomized powders also manifest a
higher conditioned bulk density ( )c , a lower change in volume (com-
pressibility CI) and a lower permeability (higher pressure drop PD),
indicating a more efficient packing state of the particles. The aeration

Table 4
Particle size distribution, sphericity and porosity metrics obtained using μCT
analysis.

Powder characteristics Powder 1 Powder 2 Powder 3

Particle size
distribution

D10 (μm) 25.3 25.9 20.3
D50 (μm) 35.8 36.7 32.7
D90 (μm) 46.4 50.3 43.9
Span (6) 0.59 0.66 0.72

Sphericity D10 0.46 0.64 0.55
D50 0.79 0.93 0.84
D90 0.91 0.97 0.93
Mean 0.73 0.88 0.79
Std deviation 0.18 0.15 0.16
Span (6) 0.57 0.35 0.45

Particles porosity Ratio (%) (7) 3.50 1.07 3.15
Porosity (%) (8) – 1.88 0.12
Pores mean sphericity – 0.50 0.50
Pores D50 (μm) – 4.50 2.97

=Span D D D/90 10 50 (6).
=Ratio Number of porous particles Total number of particles(%) / (7).

=Porosity Total volume of pores Total volume of particles(%) / (8).
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energy (AE) indicates the energy needed to overcome the mechanical
interlocking and cohesive forces, the highest value being obtained for
the less spherical gas-atomized Powder 1. The cohesion coefficient (c)
obtained during shear testing is the lowest for Powders 2 and 3, thus
indicating that more spherical powders are more ready to transition
from a static consolidated state to a dynamic state of flow. It can finally
be seen that the more spherical plasma-atomized Powders 2 and 3
manifest a globally superior flowability as compared to the less sphe-
rical gas-atomized Powder 1.

To sum up the results obtained, Fig. 4 shows a radar diagram of the
normalized FT4-generated indices for three powder lots studied. In
accordance with the criteria defined in Table 2, the smaller the area
covered by the diagram, the higher the powder suitability for the LPBF
process. According to this diagram (Fig. 4), the powder LPBF suitability
ranges from higher to lower as Powder 2, Powder 3 and Powder 1; the
difference between the first two being much less significant than be-
tween them and Powder 1.

In order to express the overall suitability of three powder lots for
LPBF using the FT4-generated indices, it is proposed to calculate a
figure of merit called “AMS” (referring to AM suitability). To this end,
each FT4-generated index is normalized according to the maximum
value obtained among all the powder lots studied, and the normalized
indexes are then combined to build an objective function (11), which
needs to be minimized. As a first approximation, all the importance
weights of Eq. (11) are taken equal, and their sum corresponds to unity.

= + + + + + +AMS CI PD SE AE BFE c( 1 )/7
c (11)

where c is the conditioned bulk density; CI, the compressibility index;
PD, the pressure drop; SE, the specific energy; AE, the aeration energy;
BFE, the basic flow energy, and c, the cohesion coefficient. Table 6
shows the calculated AM suitability factors (AMS) of each powder lot
and the corresponding normalized cumulative errors. The smaller the
AMS, the more suitable the powder is for the LPBF process, according to
the criteria previously defined. Based on these assumptions, Powder 2
appears to be 5.5 % more suitable for the LPBF process than Powder 3,
and 26.5 % more suitable for this process than Powder 1.

3.3. Powder bed density

Using capsule specimens (Fig. 1a), which entrap powder during the
build, the powder bed density obtained with three powder lots using
two layer thicknesses (30 and 60 μm), is evaluated. Since, in each job,
six capsules were placed on the build plate in different regions as shown
in Fig. 2, the average powder bed densities and the corresponding
standard deviations were calculated, normalized according to the alloy
theoretical density (4.41 g/cm3), and are reported in Fig. 5 and Table

A1 (Appendix A).
It must be noted that for a given layer thickness, the differences in

powder bed densities between three powder lots are statistically sig-
nificant. For each powder lot however, the difference in powder bed
densities obtained with two different layer thicknesses is statistically
insignificant.

The powder bed densities of different lots are close to 60 % of the
theoretical density of Ti-6Al-4V alloy. For a layer thickness of 60 μm,
the highest density is obtained with Powder 2, which is 5.1 % and 4.7 %
higher than those with Powder 1 and Powder 3, respectively. For a
30 μm layer thickness, the highest density is also obtained with Powder
2, but the gain becomes less significant: the density of Powder 2 is 2.1 %
and 0.5 % higher than those with Powder 1 and Powder 3, respectively.
The results obtained follow the same trend as that observed with the
rheological properties, but the differences become much less pro-
nounced: ∼26 % difference between Powders 1 and 2 in terms of
powder flowability transforms to only ∼5 % difference, in terms of
powder bed density.

The apparent and tapped densities, firstly reported in Table 5, are
normalized according to the theoretical density of the alloy and in-
cluded in Table A1 (Appendix A). It can be seen that a value of apparent
density cannot be used to approximate the powder bed density with
sufficient fidelity. Closer values are obtained with the tapped density,
but the impact of a layer thickness cannot be estimated using this
metric.

The fact that the thinner the layer, the greater the powder bed
density can be explained by the size of particles in the powder bed
formed by layers of different thicknesses, as discussed in [12,26,31].

For thinner layers, during spreading, a greater amount of larger
particles are dragged by the doctor blade to the receiving container,

Table 5
Summary of the rheological properties of three powder lots.

Measurement technique Powder characteristics Powder 1 Powder 2 Powder 3

Hall flowmeter Flow rate (s/50 g) 35 ± 0.416 25 ± 0.07 26 ± 0.05
Gustavson flowmeter Flow rate (s/50 g) 58.1 ± 2.42 31.8 ± 0.36 52.8 ± 0.63
Bulk measurement Apparent density (g/cm3) 2.39 ± 0.012 2.61 ± 0.015 2.58 ± 0.016

Tapped density (g/cm3) 2.55 ± 0.022 2.72 ± 0.017 2.70 ± 0.00
Hausner ratio (9) 1.07 1.04 1.05
Carr index (%) (10) 6.27 4.21 4.44

FT4 powder rheometer Basic flow energy (mJ) 293.5 ± 13.8 265.4 ± 3.8 280.4 ± 14.3
Specific energy (mJ/g) 2.85 ± 0.03 1.61 ± 0.01 1.73 ± 0.06
Bulk density (g/cm3) 2.49 ± 0.02 2.71 ± 0.01 2.68 ± 0.01
Compressibility index (%) 2.42 ± 0.05 1.69 ± 0.01 1.88 ± 0.05
Pressure drop (mBar) 5.41 ± 0.32 6.54 ± 0.21 6.33 ± 0.32
Aeration energy (mJ) 23.79 ± 6.15 6.86 ± 0.4 8.48 ± 2.04
Cohesion coeff. (kPa) 0.39 ± 0.082 0.25 ± 0.007 0.28 ± 0.01

=Hausner ratio Tapped density Apparent density/ (9).
=Carr index 100 Tapped density Apparent density Tapped density*( )/ (10).

Fig. 4. Radar diagram comparing the rheological properties of three studied
powder lots.
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thus in turn leaving a greater amount of finer particles in the powder
bed, which leads to a tighter packing and, hence, to a higher powder
bed density. A further analysis of the particle size distribution in
powder samples from the collector duct of the LPBF machine could
confirm or infirm the previously presented explanation.

In terms of sensitivity to the layer thickness variation, Powder 2
shows the most stable behavior with a variation of 1.4 %, while the
highest sensitivity is obtained with Powder 3 with a variation of 2.9 %,
which could be due to the presence of a higher amount of fine particles
that tend to agglomerate in a less predictable way, thus leading to less
regular results. This can also be seen from a larger scatter of Powder 3
results.

3.4. Densities of printed specimens

The averages and the standard deviations of densities of printed
cylindrical specimens obtained for different testing configurations are
normalized according to the theoretical density of the alloy (4.41 g/
cm3) and reported in Fig. 6 and in Table A2 (Appendix A). LPBF
printing with three powder lots and two layer thicknesses led to the
production of highly dense specimens (> 99 %). The highest printed
densities were obtained with the plasma-atomized Powders 2 and 3,
thus correlating with the powder bed densities (Fig. 5).

In order to validate the statistical significance of the results ob-
tained, statistical tests were carried out. The P-values are reported in
Table A2 (Appendix A), and the results smaller than 0.05 are high-
lighted. It must be noted that for a layer thickness of 30 μm, the dif-
ferences in printed densities obtained with three powder lots are sig-
nificant, but for a layer thickness of 60 μm, it is not the case, given a
larger scatter in density values observed with a thicker layer. Next, for
all the powders, the thicker the layer, the lower the part density. Note,
however, that for Powders 2 and 3, the differences in printed densities
corresponding to different layer thicknesses are statistically significant,
while for Powder 1, this difference is not statistically significant.

3.5. Surface roughness

Using V-shaped specimens (Fig. 1-b) containing four planar faces
oriented with respect to the build plate under angles of 0, 45, 90 and
135°, the average surface roughness Ra (μm) and the corresponding
standard deviations are calculated and reported in Fig. 7 and in Table
B1 (Appendix B). For each configuration (build orientation and layer
thickness), the surface roughness values are normalized according to
their respective maxima, and the normalized average surface

roughnesses are calculated. The sensitivity of the surface roughness to
the layer thickness variations is also estimated for each powder lot.

The observed surface roughness variations between the differently
oriented surfaces can be explained by several phenomena discussed in
(Strano, Hao et al. 2013). The horizontal surfaces (0°) manifest the
smoothest finish, since the measurements are made on a single layer of
fused powder. Higher roughnesses of the up-face inclined surfaces (45
and 90°) are due to a so-called staircase effect. The down-faced inclined
surfaces (135°) are not supported during printing, thus leading to poor
heat dissipation and sintering of adjacent particles, which result in the
lowest surface quality.

Statistical tests have been carried out to compare the results of these
different testing configurations. The highlighted cells in the tables
below the graphs in Fig. 7 indicate a significant difference at the 5 %
significance level. Highlighted cells in the first row mean that the re-
sults are significantly different between the three powders for the
considered configuration. Highlighted cells in the second row mean that
the results are significantly different between the two layer thicknesses
for the considered configuration (powder/surface orientation). The
corresponding P-values are reported in Table B1 (Appendix B). When
considering each configuration separately, it can be seen that the dif-
ferences are significant for most of the cases of the inclined surfaces (45
and 135°) but are less pronounced for the other building orientations.
The layer thickness variation does not seem to significantly affect the Ra
results.

The differences in the surface roughness values obtained with dif-
ferent powder lots can be explained by the differences in their powder
bed densities where the presence of voids between the particles nega-
tively affect the surface finish. LPBF with Powder 2 results in a surface
finish 17 % smoother than with Powder 1 and 10.8 %, with Powder 3.
Powder 2 also shows the smallest sensitivity to the layer thickness
variation.

In order to facilitate the comparison, box plots combining the sur-
face roughness results of the differently-oriented surfaces for each
configuration studied (powder/layer thickness) are presented in Fig. 8.
It can be seen that the use of Powder 2 resulted in the lowest surface
roughness followed by Powder 3 and, finally, Powder 1. By comparing
the values of the first and third quantiles (Q1 and Q3 in Fig. 8), it can be
seen that the surface finish obtained with the plasma-atomized powders
(Powders 2 and 3) with a layer thickness of 60 μm is better than the one
obtained with the less-spherical Powder 1 with a layer thickness of
30 μm.

3.6. Geometric attributes: minimum printable design features

Using the artifacts presented in Fig. 1c-d-e, geometric attributes of
interest, i.e., the minimum achievable sink, gap and wall thicknesses,
were evaluated. The design features have thicknesses ranging from 0.1
to 2mm. More details are included in Tables B2–B4 (Appendix B).

As far as the minimum printable gaps are concerned, their values

Table 6
AM suitability factors (AMS) of three powder lots of this study.

Powder 1 Powder 2 Powder 3

AMS 0.975 ± 0.09 0.717 ± 0.01 0.759 ± 0.04

Fig. 5. Powder bed densities of three powder lots for two layer thicknesses.
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correspond to 0.1mm, irrespective of the powder lot and the layer
thickness. The minimum printable values of sinks and walls are iden-
tical for three powder lots, but the thicker the layer, the larger these
values: for a layer thickness of 30 μm, the minimum printable sink
(wall) is 0.3mm, whereas for a layer thickness of 60 μm, it is 0.5mm.
Fig. 9 shows the average differences in percentage between the nominal
dimensions (CAD) and the measured dimensions of the artifacts printed,
-per layer thickness and per powder lot.

The difference in percentage per layer thickness shows that the
thicker the layer, the less accurate the printing. The differences in
percentage per powder lot show that Powder 2 manifests the smallest
variance in respect to the nominal dimensions. Powder 2 allows
printing 43 % more accurate walls, 40 % more precise sinks and 29 %
more accurate gaps than Powder 1, and 46 % more accurate walls, 31 %

more precise sinks and 38 % more accurate gaps than Powder 3. The
differences between Powders 1 and 3 are below 5 % for the walls and
the gaps and around 13 % for the sinks.

3.7. Tensile properties

The ultimate tensile strength UTS (MPa), the yield strength YS
(MPa), the elongation at break δ (%), and the Young’s modulus E (GPa)
were evaluated for different configurations studied (3 powder lots, 2
layer thicknesses, 2 build orientations). For each property, the average
and the corresponding standard deviation values are shown in Fig. 10
for the as-built specimens (Fig. 10a-c-e) and the heat-treated specimens
(Fig. 10b-d-f). The numerical values can be found in Tables C1–C4
(Appendix C). It should be noted that the results for Powder 2 with a
layer thickness of 60 μm in the as-built conditions for the horizontal
build orientation are not reported since these specimens were highly

Fig. 6. Densities of specimens printed from three powder lots with two layer thicknesses.

Fig. 7. Average surface roughness Ra (μm) measured on V-shaped specimens with differently-oriented surfaces printed from three powder lots; highlighted cells
indicates values which differ significantly in terms of their statistical analysis.

Fig. 8. Box plots of average surface roughness Ra (μm) measured on V-shaped
specimens with differently-oriented surfaces printed from three powder lots;
arrows point to extreme surface roughness values corresponding to 0° and 135°
build orientation angles.

Fig. 9. Average differences (in %) between the printed and nominal dimen-
sions.
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bent due to residual stresses, and because their machining resulted in an
uneven thickness along their longitudinal axis.

Note that for all the studied configurations, the ultimate tensile and
yield strength values are higher than the requirements presented in
ASTM F2924-14 (UTS > 895MPa and YS > 825MPa). Note also that
in the as-built state, most of the specimens fail to reach the elongation
at break requirement of δ > 10 % (ASTM F2924-14), but after stress
relief heat treatment, they meet this minimum condition (see dotted
lines on graphs in Fig. 10).

In order to compare the results for the different configurations
studied, the analysis of variance and the student test were carried out.
Highlighted cells in the tables below the graphs in Fig. 10 indicate a
significant difference at the 5 % significance level. The P-values are
reported in Tables C1–C4 (Appendix C).

Highlighted cells in the first row of the tables under the graphs
mean that the results are significantly different between the horizontal
and vertical build orientations. Highlighted cells in the second row of
the table indicate a significant difference between the two layer
thicknesses for each configuration (powder/build orientation).
Highlighted cells in the third row indicate a significant difference be-
tween the three powders for each build orientation and each layer
thickness. It can be seen that for most of the cases with a layer thickness
of 30 μm, the differences between the three powder lots are significant
in terms of the mechanical properties studied. For a layer thickness of
60 μm, for the Young’s modulus, and the elongation at break, these
differences are not statistically significant.

The variation in the layer thickness does not affect the Young’s
modulus. For the yield strength, the differences are significant for the

Fig. 10. Mechanical properties of three powder lots for the as-built and stress-relieved states: a) UTS (as-built), b) UTS (stress-relieved), c) YS (as-built), d) YS (stress-
relieved), e) δ (as-built), f) δ (stress-relieved).
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stress-relieved samples, but less pronounced for the as-built samples. No
clear trend can be identified for the ultimate tensile strength and the
elongation at break. Regarding the impact of build orientations (hor-
izontal “XY” and vertical “Z”), it can be seen that the ultimate tensile
strength is the property most sensitive to the build orientation varia-
tion. In some cases, the anisotropy is less pronounced when using a
thinner layer thickness.

To sum up the most relevant results, the ultimate tensile strength
(UTS) and the yield strength (YS) are plotted as functions of the elon-
gation at break (δ) for the as-built and stress-relieved specimens in
Fig. 11. The ASTM F2924-14 requirements are represented by the or-
ange square marks. The triangles and the circles represent the results
obtained respectively with layer thicknesses of 60 μm and 30 μm. The
shaded colored areas encompassing the results of each powder lot were
added to facilitate the reading of the graphs. The arrows point toward
the results obtained with a thicker layer; the absence of an arrow in-
dicates that no clear trend could be observed when increasing the layer
thickness.

In the UTS (δ) graph for the as-built specimens (Fig. 11a), it can be
seen that Powder 2 manifests superior mechanical properties, where an
increase in the layer thickness causes a ∼20 % decrease in resistance
and a 25 %, in ductility. An increase in the layer thickness with Powder
1 does not drastically affect the resistance, but greatly influences the
ductility, with a decline of 43 %. Powder 3 shows good resistance, re-
duced ductility and low sensitivity to the layer thickness variation. In

the YS (δ) graph for the as-built specimens (Fig. 11c), Powders 1 and 3
show the same trends as in the UTS (δ) graph (Fig. 11a), but Powder 2
manifests a certain decrease in the material resistance, especially for the
60 μm layer thickness.

In the UTS (δ) graph for the stress-relieved specimens (Fig. 11b),
Powder 2 manifests superior mechanical properties, where an increase
in the layer thickness results in a ∼10 % decrease in resistance and an
8.5 % decrease in ductility. Powder 1 shows the lowest resistance and
the highest sensitivity to the layer thickness variation (20 % in ducti-
lity). Powder 3 shows middle-range results, with a relatively low sen-
sitivity to the layer thickness variation. In the YS (δ) graph (Fig. 11d),
the same trends are observed, but with a less pronounced difference
between the three powders studied.

4. General discussion

This study demonstrated that more spherical powders manifest
better flowability, while the presence of a higher amount of fine par-
ticles negatively affects this behavior, both observations being in ac-
cordance with the literature data [5,6]. In order to express the overall
suitability of three powder lots for LPBF from a rheological point of
view, a figure of merit “AMS” was established based on the FT4-gen-
erated indices. The current “AMS” formulation uses equal importance
weight for the different indices. Additional studies with other powder
lots are required in order to identify the most relevant FT4-generated

Fig. 11. Ultimate tensile strength and yield strength in respect to the elongation at break for three powder lots in the as-built and stress-relieved states: a) UTS (δ), as-
built, b) UTS (δ), stress-relieved, c) YS (δ), as-built, d) YS (δ), stress-relieved; arrows indicate towards an increase in layer thickness.
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indices and set the importance weight accordingly, and prove the ef-
fectiveness of this newly established index as an indicator of the pow-
ders’ LPBF suitability. Next, the powder bed density measured using
capsules entrapping the powder during the build demonstrated that for
all three powder lots, the obtained values varied about 60 % of the alloy
theoretical density. Here too, the use of more spherical powders re-
sulted in more dense powder beds, showing the same trend observed
with the rheological tests, but this time with less significant differences.

Next, all the specimens printed from three powder lots showed
densities exceeding 99 % and once again, the same trend was observed
where more spherical powders resulted in more dense specimens. In
terms of the surface finish, a clear correlation between the surface
roughness and the powder bed density was observed for different sur-
face orientations, favoring more spherical Powder 2 with a smaller
amount of fine particles. It should be noted that the surface finish ob-
tained with Powder 2 (layer thickness of 60 μm) is better than that with
Powder 1 (layer thickness of 30 μm), thus indicating that using powders
with more spherical particles allows increasing the build rate, while
obtaining equivalent or superior results. Next, artifacts allowing mea-
suring geometric properties of interest (minimum printable design
features) were printed, and again, more spherical powder showed
better results.

Finally, the mechanical properties of specimens printed from three
powder lots were compared for different build orientations, layer
thicknesses and post-treatments. The more spherical plasma-atomized
powder (Powder 2) showed superior mechanical properties overall. It
should be noted that the plasma-atomized powders (Powders 2 and 3)
with a layer thickness of 60 μm outperformed the parts printed with the
gas-atomized powder (Powder 1) with a layer thickness of 30 μm in
terms of their mechanical resistance. This provides again an option to
increase the process productivity, while yielding components with si-
milar or better properties. Next, significant differences observed be-
tween Powders 1 and 3 in terms of their morphology (Table 4) and
rheological properties (Table 5) resulted in much less pronounced dif-
ferences in terms of the mechanical properties of parts printed with
these powders.

Several hypotheses could explain these observations, the first being
the robustness of the process and its low sensitivity to slight variations
in powder characteristics, as discussed in [5], where Ti-6Al-4 V pow-
ders with slightly different particle morphologies yielded comparable
mechanical properties [32] and who compared Ti-6Al-4 V powders with
different particle size distributions and also recorded equivalent me-
chanical performances.

The second explanation is based on the known fact that thermal
conductivity of the powder bed depends on the powder characteristics
(size distribution, morphology, surface area), thus affecting the laser-
matter interaction [32]. That means that the use of identical printing
parameters for the three powder lots of this study could result in sub-
optimal results for some of them. It is reasonable to suppose that if
processing parameters were optimized for each powder, that would
have maximized the mechanical properties and, therefore, enhanced
the differences between the powders, as discussed in [33].

Before definite conclusion is reached, further studies needs to be
carried out. An interesting aspect would be to study the fatigue re-
sistance of parts manufactured with the three powder lots of this study
in order to assess whether the detected variations in powder char-
acteristics affect the fatigue properties more than they affect their static
equivalents [34]. Another area of interest could be the investigation of
shear forces applied on parts during the recoating operation, which is
especially important for delicate and small-featured components, such
as lattice structures, and where the powder flowability can affect the
stability of these builds.

Moreover, it is important to study whether a superior flowability of
spherical powders will allow increasing the speed of powder recoating,
without significantly affecting the density and the uniformity of the
powder bed. If we consider that recoating time represents of up to 50 %
of the total build time, depending on the number, geometrical com-
plexity and build orientations of printed parts [35], reducing this time
could result in significant gains in process productivity.

Finally, despite the differences in the obtained properties, the
powder selection process is highly driven by the purchase costs of the
powder lots. The decision is up to the clients depending on their needs
and their budgets to decide whether the difference in parts properties is
worth the difference in powder prices.

5. Conclusions

Three Ti-6Al-4 V powder lots where selected to investigate the im-
pact of particle morphology and size distribution on the powder flow-
ability and the LPBF process performances in terms of powder bed
density, as well as density, surface roughness, accuracy, printability
limits and mechanical properties of the printed parts. It was shown that
a more spherical powder (Powder 2) exhibits a better rheological be-
havior and a more efficient particle packing, favoring the formation of a
highly dense powder bed and yielding printed parts with superiors
densities, surface finish and dimensional accuracy. The presence of a
greater amount of fine particles (Powder 3) negatively affects the pre-
viously mentioned properties due to higher inter-particle friction.

The highly spherical plasma-atomized Powder 2 showed superior
mechanical properties, whereas the less spherical gas-atomized Powder
1 showed the highest sensitivity to layer thickness variations overall.
Differences in the mechanical properties observed in this study were
much less significant than those in the powder flowability, surface
finish and accuracy of printed parts. The significance of the differences
observed was supported by statistical analyses.
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Appendix A. Powder bed and part densities

Appendix B. Geometric properties

Table A1
Powder bed density (%) of three powder lots with two layer thicknesses.

Powder characteristics Powder 1 Powder 2 Powder 3

Powder bed density (%) for a layer thickness of:
30 μm 60.0 ± 0.5 62.2 ± 0.1 61.0 ± 1.1
60 μm 59.0 ± 0.7 61.3 ± 0.6 59.2 ± 1.2

Variation 30–60 μm (%) 1.7 1.4 2.9

Apparent density (%) 54.2 ± 0.003 59.2 ± 0.003 58.5 ± 0.004
Tapped density (%) 57.8 ± 0.005 61.7 ± 0.004 61.2 ± 0.0

Table A2
The densities of printed specimens obtained for the different configurations tested.

Printed specimen densities, %

Powder 1 Powder 2 Powder 3

30 99.52± 0.05 99.81±0.06 99.77±0.03 0.0006
60 99.30± 0.15 99.50±0.15 99.36±0.05 0.2165

t-test (p-value) 0.0735 0.0293 0.0002

Table B1
Average surface roughness Ra (μm) of the studied powder lots.

Surface roughness Ra (μm) F-test

Surface
angle (°)

Layer
thickness
(μm)

Powder 1 Powder 2 Powder 3 (p-value)

0 30 2.22± 0.8 2.21± 0.3 2.26±0.9 0.9963
60 2.23± 0.6 1.93± 0.3 2.29±0.5 0.6539

t-test (p-
value)

0.9935 0.3055 0.9549

45 30 19.61± 1.9 14.00± 1.5 16.59± 0.9 0.0103
60 21.84± 2.2 14.83± 2.2 17.25± 2.4 0.0229

t-test (p-
value)

0.2544 0.6157 0.6702

90 30 10.97± 1.1 9.45± 1.0 9.79±1.5 0.3365
60 11.32± 0.9 9.56± 1.3 12.10± 1.5 0.1097

t-test (p-
value)

0.6923 0.9135 0.1260

135 30 23.05± 1.3 21.00± 1.5 22.41± 2.1 0.3666
60 27.45± 2.3 20.96± 2.1 23.08± 1.9 0.0245

t-test (p-
value)

0.0455 0.9798 0.6992

Normalized average, Ra 0.99± 0.01 0.82±0.02 0.92± 0.01

Average variation 30-60 μm (%) 7.39 4.92 6.86
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Table B2
Difference in percentage between the printed walls and their nominal dimensions.

Difference in % for walls thicknesses

Powder 1 Powder 2 Powder 3

Nominal dimensions (mm) 30 μm 60 μm 30 μm 60 μm 30 μm 60 μm

0.1 X X X X X X
0.2 X X X X X X
0.3 –21.3 X –15.7 X –18.1 X
0.4 –20.5 X –12.5 X –16.2 X
0.5 –18.5 –58.9 –10.6 –54.8 –10.5 –65.2
0.6 –14.7 –66.2 –19.9 –43.4 –12.0 –68.6
0.8 –10.0 –61.0 –7.1 –28.9 –9.6 –58.8
1 –8.7 –37.6 –5.5 –9.9 –17.7 –49.3
1.5 –7.3 –22.8 –4.0 +0.5 –9.4 –25.5
2 –6.3 –9.7 –3.5 +6.1 –4.2 –11.2

Difference per layer
thickness (%)

–13.4 –42.7 –9.8 –21.7 –12.2 –46.4

Difference per powder lot
(%)

–28.0 –15.8 –29.3

Table B3
Difference in percentage between the printed sinks and their nominal dimensions.

Difference in % for sinks

Powder 1 Powder 2 Powder 3

Nominal dimensions (mm) 30 μm 60 μm 30 μm 60 μm 30 μm 60 μm

0.1 X X X X X X
0.2 X X X X X X
0.3 –15.0 X –22.1 X –6.9 X
0.4 –10.0 X –18.9 X –15.8 X
0.5 –15.0 –45.6 –16.4 –43.5 –10.8 –53.4
0.6 –11.7 –66.5 –9.6 –41.3 –10.7 –31.6
0.8 –11.3 –58.4 –6.5 –26.7 –11.8 –45.3
1 –13.0 –45.3 –5.1 –15.7 –5.5 –40.6
1.5 –8.3 –15.0 –0.5 –2.2 –9.7 –23.8
2 –8.0 –6.5 –0.4 +5.9 –9.5 –10.3

Difference per layer
thickness (%)

–11.5 –39.6 –9.9 –20.6 –10.1 –34.2

Difference per powder (%) –25.5 –15.2 –22.1

Table B4
Difference in percentage between the printed gaps and their nominal dimensions.

Difference in % for gaps

Powder 1 Powder 2 Powder 3

Nominal dimensions
(mm)

30 μm 60 μm 30 μm 60 μm 30 μm 60 μm

0.1 +29.0 +159.0 +9.0 +135.0 +23.0 +147.5
0.2 +23.5 +113.7 +6.0 +76.5 +19.0 +116.2
0.3 +19.3 +70.3 +0.7 +69.0 +20.0 +61.7
0.4 +17.0 +67.5 +1.3 +42.0 +14.0 +52.2
0.5 +19.6 +45.4 +1.4 +40.3 +18.2 +51.8
0.6 +12.8 +38.0 +4.8 +38.2 +11.3 +55.2
0.8 +10.6 +33.8 +10.0 +36.5 +10.8 +47.8
1 +16.9 +32.3 +12.4 +26.5 +15.6 +36.8
1.5 +8.0 +27.2 +8.3 +22.9 +6.6 +30.6
2 +11.3 +23.3 +12.1 +18.8 +10.2 +26.6

Difference per layer
thickness (%)

+16.8 +61.0 +6.6 +50.6 +14.9 +62.6

Difference per powder
(%)

+38.9 +28.5 +38.7
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Appendix C. Mechanical properties

Table C1
Ultimate tensile strength UTS (MPa).

Layer
thickness
(μm)

Build
orientation

Post
treatment

Powder 1 Powder 2 Powder 3

30 Z SR 930±20 1099±16 1001±4
AB 1200±50 1473±19 1193±32

XY SR 930±20 1236±33 1013±3
AB 1230±50 1255±25 1233±14

60 Z SR 916±2 1036±6 1048±5
AB 1176±11 1162±3 1208±9

XY SR 1006±7 1019±4 1034±0
AB 1208±5 – 1249±5

Table C2
Yield strength YS (MPa).

Layer
thickness
(μm)

Build
orientation

Post
treatment

Powder 1 Powder 2 Powder 3

30 Z SR 860±20 976±19 898±18
AB 1070±50 1064±37 1059±54

XY SR 860±20 943±34 916±6
AB 1060±50 1024±18 1073±8

60 Z SR 916±6 949±6 952±10
AB 1034±24 925±3 1067±15

XY SR 897±3 925±8 944±3
AB 1056±11 – 1092±4

Table C3
Elongation at break δ (%).

Layer
thickness (μm)

Build
orientation

Post
treatment

Powder 1 Powder 2 Powder 3

30 Z SR 15±1 14±1.3 12±0.8
AB 11±3 10±1.7 7± 0.3

XY SR 14±1 14±1.8 11±0.6
AB 10±2 10±2 6±1

60 Z SR 13±0.3 13±1.0 13±1.4
AB 6±0.8 7±0.4 8± 0.2

XY SR 10±1.3 12±1.0 11±0.6
AB 5±0.7 – 5± 0.5

Table C4
Young modulus E (GPa).

Layer
thickness (μm)

Build
orientation

Post
treatment

Powder 1 Powder 2 Powder 3

30 Z SR 114±9 118±2 113±1
AB 110±10 131±5 107±7

XY SR 116±9 124±6 118±5
AB 110±10 109±2 112±2

60 Z SR 116±5 119±4 114±4
AB 110±7 114±1 115±8

XY SR 112±4 114±4 114±3
AB 108±6 – 110±3
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