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Abstract

In powder bed fusion laser-beam (PBF-LB), powder deposition parameters are not commonly adjusted for different materials. In this study, the
recoater speed was varied from 150 mm/s to 500 mm/s to study its influence on processability of two different powders. The 420 steel powder
possesses better flowability and higher packing density than Inconel 718 at different testing speeds. This is reflected on surface roughness (Sa):
Inconel 718 samples show larger variations than 420 steel ones across different locations on the build plate and under different recoating
speeds. This demonstrates the necessity of accounting for powder properties for robust PBF-LB processing.

© 2022 The Authors. Published by Elsevier B.V.
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1. Introduction

Powder Bed Fusion Laser-Beam (PBF-LB) process is one
of the most industrially adopted Additive Manufacturing
(AM) technologies due to its versatility to create complex
structures with good surface finish from Computer Aided
Design (CAD) models [1]. During the PBF-LB process, thin
layers of powder are deposited on a build plate and then
melted by a laser beam.

The shift from rapid prototyping to production of high-
performance components in highly regulated fields such as
aerospace and medical required dedicated qualification of
materials, machines and process [2,3]. In the meantime,
various strategies are being developed to mitigate the high
costs that come with using gas atomized powder, energy
consumption and machine cost. In the PBF-LB process,
spreading a uniform and packed layer will avoid powder bed
defects, voids, segregation and overall qualities issues. The
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powder behavior in terms of how it interacts with the
recoating mechanism play a vital role regarding the powder
bed layer quality [4]. Powder spreadability can be defined as
the powder ability to spread in thin layer application.

The powder spreading during PBF-LB depends on the
recoater geometry, speed, layer thickness and material. For
example, Haeri et al. [5] developed a super-elliptic edge
profile blade type spreader based on a previous study on
rollers and blade spreaders in which the first ones proved to
outperform at the same operating conditions. Haeri et al. [6]
reported that according to a discrete element method (DEM)
model higher spreader translational velocities result in a lower
powder bed quality using polymeric powder, i.e. bed surface
roughness and void fraction increases. In addition, Meier et
al. [7] found that the powder layer quality deteriorated as
particle size decreased and the cohesion between particles
increased according to a discrete particle method (DPM)
model. Spurek et al. [8] studied the link between particle size,
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powder flowability and part density in SS316L and concluded
that coarser particle size (28 um < Dsp< 38 um) negatively
affects the part density during the PBF process. Haferkamp et
al. [9] found a linear dependency of powder layer density on
the D50 of powder using monomodal powders with good
flowability.

Degradation of powder during storage, handling, transport,
and usage in PBF-LB systems can influence the behavior of
the material [10]. Changes to the powder properties due to the
reuse of material has been investigated by Cordova et al.
[11,12], in particular the powder flowability which tends to
improve with particle coarsening in PBF-LB was investigated.
The spreadability of powder also depends on properties such
as particle size and distribution, morphology, surface
chemistry and chemical composition as studied by Cordova et
al. [13] on a variety of commercial alloys for PBF-LB with
different moisture contents.

Most of the optimization of recoating parameters were
performed using simulation tools in combination with
experimental validation using polymeric materials. It is
necessary to build a link between recoater speed and part
quality, from the perspective of powder spreadability using
dedicated experiments, which leads to the optimizations of
recoating parameters for PBF-LB processing of metallic
powders. In this work, we evaluate the influences of recoating
speed, powder flowability and their interactive effects on the
spreadability of powder during the PBF-LB process and the
resultant surface finish of built test pieces.

2. Materials and Methods

Pre-alloyed powders of 420 steel and Inconel 718 with
D50 of 42 um and 31 pm were supplied by Hoganids AB
(Sweden). The PBF-LB experiments were conducted in an
EOS M290 machine to produce horizonal blocks and powder
containers as shown in Fig. 1a. The powder containers were
empty inside so that recoated powder can be captured for
analysis. The process parameters used to produce the samples
were optimized for both materials. A volumetric energy
density (Equation (1)) of Eyv =67 J/mm? was used for Inconel
718 and Ev =75 J/mm?® for 420 steel. Note that a lower Ey =
47 J/mm?® was applied to the Inconel 718 containers since
overheating in the container due to its geometry caused build
failure in early trials. During the PBF-LB process, a layer
thickness of 40 um was applied, a stripped laser scan pattern
with 67° rotation between layers was employed. The build
plate was pre-heated to 80 °C.

5 P
V7 vkl

(1

where P denotes laser power, v denotes scan speed, h denotes
hatch distance and 1 denotes layer thickness.

The powder morphology was analyzed using a FEI /
Philips XL30 Environmental Scanning Electron Microscope
(ESEM). The flowability behavior was studied using a
revolution powder analyzer (RPA) from Mercury Scientific.
An equal sample size of 110 grams of each powder
composition was loaded into de drum (dgrum = 50 mm). The
avalanche angle was measured using the multi-flow method

varying the rotation rate from 1 to 70 revolutions per minute
(RPM) in which 75 avalanches per speed were analyzed. In
general, the lowest the avalanche angle and cohesion the
higher the flowability as indicated by Spierings et al. [14] The
recoating speed can be linked to the rotation rate by using
Equation (2). In this case a speed of 150 mm/s typically used
for steel and nickel-based alloys was used in addition to the
maximum recoating speed allowed by the PBF-LB machine
of 500 mm/s. These when transformed to rotation rates are
57,29 RPM and 190,98 RPM for 150 mm/s and 500 mm/s
respectively.
Vi

= 2-7r-R[RPM] 2)
where ® denotes rotation rate, Vi recoating speed (linear
speed) and R denotes the rotation drum radius.
The packing density of the powders in different locations of
the build plate was calculated by measuring the weight of the
powder entrapped in the printed container at the front, middle
and back of the build plate taking as a reference the recoater
initial location.

The surface roughness of printed samples was measured
using a Keyence Confocal Microscope (VK 9700, Japan)
model with a 10x lens. The surface roughness was measured
at 5 different locations to determine the average value and
relative variation, for each cube, the side faces that are
perpendicular and parallel to the recoater blade are measured
(Fig. 2b). When analyzing the data by the Color 3D VK-
Analyzer the cutoff parameters selected were: As= 25 pm and
A= 0.8 mm to filter out short-wavelength noise and surface
waviness. In certain cases, there are invalid areas where the
microscope could not find proper focus due to the presence of
re-entrant features and deep vales, such areas are removed
when calculating roughness parameters.
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Fig. 1. (a) Overview build job with gas flow and recoater direction pointed
by arrows; (b) detail on the areas of the test cubes parallel and perpendicular
to the recoater direction of movement.

3. Results and Discussion
3.1. Powder properties

The spreadability of the powder depends on its properties
such as particle size distribution, morphology, chemical
composition, and density. The morphological features of the
studied powder are shown in Figures 2b and 2c. The 420 steel
powder presents a more homogenously spherical morphology
with not many satellites compared to the Inconel 718 powder.
The D50 of the Inconel 718 powder is lower than that of the

perpendicular
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420 steel powder. The Inconel 718 powder contains more
irregularly shaped particles and with a larger number of
satellites. The differences in morphology and particle size can
strongly impact the quality of parts produced by the PBF-LB
process as discussed by Whiting et. al [15].

Fig. 2. Morphological features of (a) 420 steel powder and (b) Inconel 718
powder.

The results obtained with the RPA at different rotation
rates reflect the influence of different powder morphology and
size. Measurements on cohesion (Fig. 3a) and avalanche angle
(Fig. 3b) reveal clear differences in both 420 steel and Inconel
718 powders. Both attributes increase with the rotation rate,
whereas the increase in Inconel 718 powder is more
significant. In the range of rotation rate from 1 — 70 RPM, 420
steel shows lower avalanche angles which is an indication of
better flowability.

1)
—
[{e]
o

| —+— 420 steel
—+— Inconel 718

~N @
[= )

[e2]
[=)
T

S
=)
T

cohesion (mJ/kg)
[%2]
o

w
o
T
I

20+ B
10+ B
0 I 1 L 1 1

0 10 20 30 40 50 60 70
rotation rate (rpm)

b) 55— .

—»— 420 steel
—+— |nconel 718

650 F

(]

2

045 Inconel 71

(o))

: o

©

© 40+

=

Q

g

g S 420 steel

[}

30+

0 10 20 30 40 50 60 70
rotation rate (rpm)
Fig. 3. RPA results of the powders on (a) cohesion and (b) avalanche angle.

3.2. PBF-LB processability at different recoating speeds

During the PBF-LB process the steel recoater blade deposits
thin layers of powder on the build plate. During the first few
layers of powder recoating, the uniformity in coated powder

thickness is heavily influenced by the surface roughness of the
build plate. As the build progresses, the powder bed surface has
a more homogenous visual appearance. In Fig. 4 the
processability of 420 steel and Inconel 718 by PBF-LB is
demonstrated. For both 420 steel and Inconel 718 many spatter
particles were generated in the process as seen in Fig. 3a, 3b,
3e and 3f. The spatter particles are deposited on the powder
bed. These can be detrimental for the part quality and lead to
formation of internal defects such as pores as discussed by
[16]. Furthermore, the powder containers built with 420 steel
shows discoloration on surface while the cubes do not,
indicating surface oxidation of the containers due to
geometrical effect on heat transfer. Although not large
differences can be drawn from the images of Fig. 4, it was
observed a more homogenous layer deposited with recoating
speed of 150 mm/s in comparison to 500 mm/s.

420 steel

Inconel 718

150 mm/s

500 mm/s

Fig. 4. Processability by PBF-LB of 420 steel (a, c, e, g) and Inconel 718 (b, d,
f, h) powder using 150 mm/s (a, b, ¢, d) and 500 mm/s (e, f, g, h) recoating
speed.

3.3. Powder packing and distribution

The powder containers shown in Fig. 1 allowed to measure
the amount of powder particles deposited at different
locations of the build plate: front, middle and back at different
recoating speeds. Fig. 5 shows the distribution of the packing
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fraction for both materials, calculated according to Equation
3).
. . m/V
Packing fraction = T 3)

where m is the mass of powder collected from the container,
V is the volume of cavity in the container by design, and p is
the ideal density of the material. The volume occupied by
powder was calculated from the design file, V=49.5 cm?; the
ideal solid density for the 420 steel and Inconel 718 alloy
were calculated as 7.75 g/cm? and 8.22 g/cm? respectively.

The 420 steel powder shows higher packing fractions at
both 150 mm/s and 500 mm/s recoating speeds, and the
decrease in powder packing fraction with increasing recoating
speeds is less significant than that of the Inconel 718 powder.
In general, both materials show good packing fractions (over
55%) at 150 mm/s recoating speed. However, upon increasing
the recoating speed, the Inconel 718 powder showed a steeper
decrease in packing fraction along the recoating direction
(Fig. 5), which is well correlated to the high cohesion and
avalanche angle tested at higher rotation speeds in RPA
experiments (Fig. 3).
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Fig. 5. Packing fractions of deposited powder of 420 steel and Inconel 718
in different locations of the powder bed.

3.4. Surface roughness

Surface roughness is not only an important aspect of product
quality but also contains information about process stability in
PBF-LB products [17]. Areal roughness values (S,) of the
printed cubes were measured on the indicated sides on Fig.
1b. The graph in Fig. 6 shows the differences in S, values
measured from 420 steel and Inconel 718 samples. The 420
samples show consistently lower values in S, regardless of
sample location along the recoating direction (f-front and b-
back) and recoating speed. On the contrary, Inconel 718
samples show high variations in S, values and larger scatter in
each measured sample. At 150 mm/s recoating speed the
variation in S, with sample location is somehow repeatable on
both parallel and perpendicular sides of the tested cube, i.c.,
higher S, at front and lower S, at the back. At 500 mm/s
recoating speed, the surface roughness of Inconel samples
possesses larger internal variations given inhomogeneities at
the back side of the build plate. This observation agrees with
the values of packing fractions presented in Fig. 5 for Inconel
718 at 500 mm/s recoating speed, which shows lower packing
density influencing the homogeneity of surface roughness

(Fig. 6).
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Fig. 6. Areal roughness values (S,) at 150 mm/s and 500 mm/s recoating
speed on (a) the parallel side to the recoater and (b) the perpendicular side to
the recoater.

4. Conclusions

This work had as the main objective to show the influence of
powder properties on the processability by PBF-LB process
when using 150 mm/s and 500 mm/s recoating speeds. The
robustness of two commercially available powders: 420 steel
and Inconel 718 was assessed by measuring the flowability,
powder packing density and surface roughness. It is
concluded from this study:

e The 420 steel powder in comparison with Inconel 718
powder is more robust as indicated by the flowability
tests. This is attributed to the coarser particle size
distribution and more uniform particle shape of the 420
steel powder.

e Both materials were processed by PBF-LB without
spreadability issues at 150 mm/s and 500 mm/s recoating
speeds.

e The packing fractions of the powder at different locations
on the build plate relative to the initial location of
recoater are more variable for the Inconel 718 powder
with poorer flowability in response to changes in the
recoating speed.

e Changing the recoating speed for the 420 steel powder
did not significantly influence the surface roughness,
while for the Inconel 718 powder the surface roughness
shows clear dependency on recoating speed and location
along the recoating direction.

In general, it is concluded for this study that the 420 steel
powder can be processed at higher recoating speeds without
compromising the surface finish. The next steps are to study
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the influence of recoating speed on internal defects using
microscopy and images monitored from the builds using the
quality assurance system connected to the PBF-LB machine.
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