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Abstract: Powder-bed-based additive manufacturing processes (PBAM) are sensitive to variations
in powder feedstock characteristics, and yet the link between the powder properties and process
performance is still not well established, which complicates the powder selection, quality control, and
process improvement processes. An accurate assessment of the powder characteristics and behavior
during recoating is important and must include the flow and packing properties of the powders, which
are dependent on the application conditions. To fulfill the need for suitable powder testing techniques,
a novel apparatus is developed to reproduce the generic PBAM powder spreading procedure and
allow the measurements of the powder bed density, surface uniformity, and spreading forces as
functions of the powder characteristics and spreading conditions, including the spreading speed
and the type of spreading mechanism. This equipment could be used for research and development
purposes as well as for the quality control of the PBAM powder feedstock, as showcased in this paper
using a gas-atomized Ti-6Al-4V powder (D10 = 25.3 um, D50 = 35.8 um and D90 = 46.4 pm) spread
using a rigid blade by varying the recoating speed from 100 to 500 mm/s and the layer thickness
from 30 to 100 um.

Keywords: additive manufacturing; powder bed; powder feedstock; testing apparatus; powder
rheology; powder bed density; powder bed uniformity; spreading forces

1. Introduction

Powder-bed-based additive manufacturing processes (PBAM), such as laser and elec-
tron beam powder bed fusion (L-PBF and EB-PFB) and binder jetting (BJ), are rapidly
expanding technologies that are of particular interest in the manufacturing of complex com-
ponents from a large variety of powdered feedstock materials [1-4]. All PBAM processes
use a comparable design principle, starting with a powder supply module in the form of a
moving platform or a hopper that deliver a specific amount of powder in increments. This
powder is then processed by a separate mechanism equipped with a specific tool (scraper,
roller, blade, etc.), which through its horizontal translational or rotational motion transfers
the supplied powder in the form of a thin uniform layer on the building platform capable of
downward movement in increments corresponding to a defined layer thickness. Once the
powder layer is spread, the powder particles are selectively consolidated using different
techniques (melting, sintering, binding), depending on the process used. This sequence is
followed by the spreading of a new powder layer over the previously consolidated one,
and the process is repeated until an entire component is built. Depending on the type of
PBAM system involved (commercial or experimental), different recoating sequences and
mechanisms are used, creating different powder displacement and spreading dynamics,
thereby impacting both the geometric (uniformity) and physical (density) characteristics of
the powder bed.
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The vast majority of PBAM systems use rigid spreading blades, which are available in
different profiles depending on the manufacturer. In this case, the controllable spreading pa-
rameters are the spacing between the blade and the reference surface and the displacement
speed. With blade-based systems, the powders are mainly subjected to shear stresses, and
the compressive stresses are minimal. Other companies use rotating roller-based systems
(free rolling or motorized rotation) to spread the powder. With such configurations, the
roller exerts shear and compressive stresses to spread and compact the powder. The control-
lable variables in this case are the spacing between the roller and the reference surface, the
linear displacement speed, and the velocity and direction of rotation of the roller. Generally,
rotary roller-based systems generate more compact powder beds with a smoother surface
profile compared to blade-based systems thanks to a larger contact area, which allows for
gradual particle rearrangement [5,6]. Nevertheless, additional compressive stresses exerted
by the roller on the powder bed could potentially lead to a loss of accuracy in the effective
layer thickness (loss of part precision) or even damage underlying printed structures [7-10].
To minimize disturbances on the parts being manufactured, some spreading configurations
use flexible silicone blades, carbon fiber brush-based systems, or rake-toothed scrapers.
Flexible blades have the advantage of being less likely to jam with the protruding artifacts
of preceding layers, are more tolerant of surface imperfections, and generate lower shear
stresses on the structures being fabricated. Nevertheless, wear and tear, particularly of
polymeric blades, can generate less uniform spreading and include contamination in the
powder bed. In addition, interference between flexible blades and surface imperfections
can generate temporary jamming followed by abrupt movements of the spreading tool that
can cause disturbances to the spread powder bed [11-13]. Other systems feature spreading
mechanisms including mobile powder supply tanks. Such configurations can be used for
the bi-directional spreading of powders to enhance the process productivity. The use of
such systems with cohesive powders can be problematic, since vibrations generated by the
scraper movement tend to pack powder in the tank, thereby hindering its flow into the
hopper [14-18].

The uniformity of the powder layer spread on the building platform can influence the
quality of a printed part, since irregular and randomly distributed layer defects (potholes,
bumps, etc.) can lead to inconsistent interactions between the powder and the consolidating
input (laser or electron beam, binder jet) [19,20]. The powder bed density is yet another key
characteristic of the powder bed, and as it increases, so does the density, the uniformity, and
the precision of a printed part [21-25]. Furthermore, since the forces applied by a spreading
tool during powder recoating on the previously consolidated features could jeopardize
the integrity of the components being built, such forces must be minimized, especially
when the components are complex and delicate (lattice- or cellular-based structures, for
example). It must also be mentioned that the powder spreading (recoating) speed impacts
the process productivity, since the recoating operation could take from 30 to 50% of the
total building time, depending on the geometry and build orientation of the printed part
and the printing parameters used [26-28]. In summary, the uniformity and density of the
powder bed, as well as the forces and velocities of the recoating procedure, constitute the
principal characteristics of any powder recoating process and directly influence the service
properties of the printed parts and the process productivity.

The characteristics of any powder recoating system cannot be analyzed separately
from those of the powder feedstock. Depending on the powder production route and mate-
rial, the characteristics of the powder feedstock vary in terms of the chemical composition,
particle size distribution (PSD), morphology, density, and surface properties [29,30]. A
number of studies have demonstrated a significant impact of the above-mentioned charac-
teristics on the performances of PBAM parts [29,31-39]. Selecting the most suitable powder
for a given piece of manufacturing equipment can be challenging, considering the broad
variety of products available, and the choice is generally guided by the manufacturers’
recommendations. While following these recommendations in the context of an industrial
application allows savings of money and time, in an R&D environment, evaluating the
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suitability of a given powder for a specific piece of PBAM equipment, and specifically its
spreadability characteristics, could form an integral part of any research workflow.

Several powder flowability characterization techniques are commercially available,
namely funnel-based methods (Hall, Carney, Gustavsson), shear cells, avalanche testers,
and powder rheometers, all characterizing powders under different conditions. Using the
results obtained with the above-mentioned techniques to assess the feedstock spreadabil-
ity in the context of a specific piece of PBAM equipment can be challenging, since this
property is not an intrinsic powder characteristic but rather a powder property that is
strongly dependent on the testing conditions applied. This difficulty can be mitigated by
subjecting the powder to testing conditions that are as close to those of a simulated manu-
facturing process as possible. Unfortunately, a harsh working environment and the closed
architecture of commercial PBAM equipment, in addition to costly and time-consuming
printing processes, limit the possibilities of conducting in situ powder flowability char-
acterization experiments. Because of these limitations, there is a clear need for a testing
apparatus capable of characterizing powder spreadability levels under simulated applica-
tion conditions. Such an apparatus must be equipped with instrumented devices enabling
parametric studies of the metrics of interest, while being versatile enough to reproduce the
specific spreading conditions created by different powder distribution mechanisms used in
commercial PBAM equipment.

Different testing devices dedicated to powder spreadability investigations have been
introduced in the literature. Table 1 summarizes the most representative studies by pro-
viding brief descriptions of the proposed apparatuses, types of spreading mechanisms
involved, controlled variables, metrics of interest, measurement principles, and degrees of
conformity of the proposed technical solutions with targeted commercial PBAM systems.
For each apparatus, a basic rating system (low, moderate, or high) is used to define the
process representativity as an indication of how accurately the proposed apparatus simu-
lates the conditions and spreading sequences of commercial equipment. Hereafter, short
descriptions of the developed testers are provided, sorted by the levels of sophistication,
starting from more simplistic solutions and moving to more advanced systems, with the
intent to establish the main objectives of this work.

Simplistic and straightforward methods were introduced in [40-43]. Beitz et al. [41]
proposed an apparatus fitted with scrapers of different shapes, spreading one layer of
powder on the detachable platform at a time. Here, the surface quality and the density
of a powder bed were analyzed using the optical microscopy and computed tomography
techniques. Ahmed et al. [40] proposed spreading the powder manually using a cardboard
stencil with a gap corresponding to a desired layer thickness and to examine the obtained
layer using scanning electron microscopy in order to evaluate the powder coverage as a
function of the layer thickness and the PSD of the powders tested. In order to mimic con-
ventional scraper- and hopper-based spreading mechanisms, Cordova et al. [42] introduced
some applicator tools to manually spread one layer of powder at a time. The dimensions
of a patch formed by spreading a known amount of powder were used to estimate the
volume of powder spread and the approximate apparent density of the powder bed. Finally,
Lefebvre et al. [43] assessed the powder spreadability using a Hegman gauge (100 um).
The method consisted of placing a small quantity of powder in a groove whose depths
varied from 100 pm to ~0 um and then spreading the powder (from 100 to 0 um thickness)
along the groove using a blade. In this case, the spreadability was assessed qualitatively by
comparing the uniformity levels of the deposited powder layers.

More versatile and automated systems than the above-mentioned ones were proposed
in [44-50]. Among them, Le et al. [44] introduced the idea of scanning a single layer
of spread powder using a contact image sensor (CIS) installed behind the spreading
mechanism (hopper/scraper) to study the powder bed quality levels obtained with different
spreading strategies. Hulme-Smith et al. [45] repurposed a film applicator device by adding
a doctor blade to spread one layer of powder at a time and added an imaging system to
evaluate the degree of surface coverage as a function of the recoating speed for powders
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with different particle size distributions and chemical compositions. Lee et al. [46] measured
the angle of the avalanche formed during the spreading of a single layer of powder using a
camera aligned with the scraper from their testing system to compare different recoating
speeds and layer thicknesses. The apparatus developed by Snow [47] used the spreading
platform and the blade of a commercial system (EOS M280) coupled with a microscope, a
camera, and a laser profilometer to respectively analyze the avalanche angle, the surface
coverage, and the roughness of a single spread layer. Lupo et al. [50] presented a setup with
a motorized spreading arm, where a blade with an adjustable inclination angle or roller
recoater can be mounted to spread the powder on deposition plates with different depths
to mimic different layer thicknesses. A microscope was installed to capture pictures of the
powder bed to analyze the spreading uniformity. Mehrabi et al. [49] proposed a rig where
the controlled movement of a spreading arm fills a pocket of 1 mm depth. The deposited
powder is collected and weighted ex situ to evaluate the deposited powder bed density.
Finally, Van den Eynde et al. [48] attached the building platform to an analytical balance
to evaluate the mass of a deposited layer in order to estimate the powder bed density of
feedstocks with different PSDs and particle morphologies.

Furthermore, a series of advanced and highly automated testers were presented
in [17,51,52]. Oropeza et al. [17] proposed a testing system containing two motorized
platforms for controlled powder supply and spreading, a modular powder spreading
mechanism capable of using different spreading tools (e.g., motorized roller, stiff or flexible
scraper, hopper), and an imaging system overhanging the powder bed. This testing system
was designed to study the impact of a spreading mechanism and the layer thickness on
the powder bed uniformity. Mitterlehner et al. [51] presented a test bench also containing
two motorized platforms, one for powder supply and another for powder spreading, and a
recoating mechanism with an adjustable recoater blade angle. After the recoating operation,
the spreading platform can be extracted from the tester and installed on the table of an
optical microscope to analyze the degree of surface coverage, the layer roughness, and the
flatness of the powder bed. A similar apparatus was developed by Yee et al. [52], with
the possibility of an in situ evaluation of the surface roughness of the powder bed using a
camera attached to the apparatus. Escano et al. [53] proposed am apparatus consisting of a
motorized scraper and platform adapted to be mounted in an X-ray computed tomography
machine to visualize the particle dynamics during spreading, the density, and the surface
profile of the formed powder bed. Lhuissier et al. [54] proposed a miniature design of
the L-PBF machine including a spreading system, moving platforms, laser module, and
controlled environment chamber, which is compatible for mounting in an X-ray tomograph
to analyze powder spreading and consolidation dynamics.

To sum up, most of the above proposed solutions are mainly focused on evaluations
of powder bed uniformity [17,40,43-45,51,52], while some apparatuses combine an assess-
ment of the powder bed uniformity with that of the powder spreadability [46,47]. Another
group of technical solutions consider the powder bed density as the main metric of inter-
est [42] or combine the powder bed density measurements with the powder bed uniformity
assessments [41,48]. To date, no reported testing system has proposed an integral solution
that concurrently measures all metrics of interest relevant to powder spreading during
the PBAM processes, namely the powder bed density, the powder bed uniformity, and
the powder spreading forces, with a significant level of automation of the elements in-
volved in the spreading operation. It is reasonable to assume that a testing system capable
of measuring the above-mentioned metrics of interest simultaneously would allow for
conducting pertinent powder experiments. However, to be a relevant characterization
tool, such an apparatus must be able to reproduce the spreading conditions of commercial
machines as closely as possible (i.e., controlled spreader movements and velocities, precise
displacements of the platforms, and multi-layer testing). Moreover, the equipment must
be versatile enough to allow the use of different types of spreading mechanisms, variable
spreading velocities, displacements of the platforms, and recoating sequences. Such a
testing apparatus would be a valuable control tool for the selection and quality control
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of a suitable feedstock for a given PBAM process or system, as well as a relevant asset
for minimizing the spreading time by optimizing the recoating speed, the movements
of powder supply and spreading or building platforms, and the design of a spreading
mechanism.

Table 1. Major technical specifications of the selected powder spreadability testers reported in

the literature.

Degree of the N . In-Situ
Spreading Level of Multi-Layer Controlled Process Measured
Reprlég(;;etiiivity Mechanism Motorization Possibility Variables Metrics le(?:;{)eﬁ?t;nt Ref.
g?ggf’}a‘ﬁ stencil  N/A No Layer thickness Surface coverage ~ No (SEM) [40]
Powder state (as-received, No (volume
IS:crapelr or N/A No air-dried, vacuum-dried, cﬁlsppe_atrent estimation using [42]
Low unne moisturized) ensity a ruler)
Blad .
Scraper N/A No ty;ejshape /material Surface quality No (LSM, XMT) [41]
Scraper N/A No Powder state Surface quality No [43]
Spreading velocity Layer thickness
Hopper + Motorized No Blade Surface Yes (image [44]
scraper spreader type/shape/material roughness sensor CIS)
Layer thickness Particle density
. . . Yes (camera
Scraper y?;gﬁ:fd No ip readt;r}gk\;eloaty Coverage area pointed at the [45]
P ayer thickness test platform)
Motorized
spreading . . Yes (camera
Scraper platform g\isanual) ISJpreacll}llr?gkvelomty Avalanche angle aligned with the [46]
(horizontal ayer thickness recoater blade)
Moderate movements)
Motorized Spreading velocity é;vaflanche angle Yes (microscope,
Scraper sp(r)egfilgre No Scraper material S‘li; f:zg COVETage  camera, laser [47]
Layer thickness roughness profilometer)
. Layer thickness . Yes
Motorized Yes p . Surface quality . ,
Scraper Spreading velocity . : (analytical [48]
M 1
spreader (Manual) Spreader type Packing density balance)
Scraper Motorized Yes Layer thickness
(adjustable s (r)egf'llezzf (spreading plate Spreading velocity Layer uniformity ~ Yes (microscope) [50]
angle)—roller P thickness) Spreader type
Motorized Spreading velocity Powder bed No (analytical .
Scrapper spreader No Scrapper gap density balance) (4]
Motorized
. spreader
Motorized . Number of spread layers
dispenser + Motonzed Yes Layers thickness . . Yes (.Camera and
dispenser . . . Layer uniformity ~ coaxial light [17]
Scraper Roller Motorized (Motorized) Spreading velocity setup)
Hopper spreading Type of scraper P
platform
y?égg:fd Number of spread layers
Motorized l\J/gl’otorize d Layers thickness Surface coverage
dispenser + dispenser Yes Spreading velocity Surface No (digital [51]
. (Motorized) Distance between blade roughness microscope)
Scraper Motorized T3
spreading and building platform Surface flatness
platform Angle of recoater blade
; Motorized
High spreader
Motorized Motorized . .
dispenser+ - dispenser (Votorized)  Layer thckness B R s S
Scraper Motorized ayer thickness 8 8 8 P
spreading
platform
Motorized
. spreader . . Dynamic repose Yes (X-ray
S/C[;);o;zed Motorized No i};riar(ﬁﬂék‘:;:smy angleLayer computed [53]
P spreading Y uniformity tomography)
platform
Motorized
spreader : :
Motorized Motorized izriiiﬁfk\;e;s;lty Yes (X-ray
dispenser + dispenser Yes T 4 ¢ Layer uniformity ~ computed [54]
Scraper Motorized ype of scraper tomography)
spreading Number of spread layers

platform
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To provide such a technical solution, this work focuses on the design and validation
of a novel powder testing apparatus intended to simulate the powder spreading process
in some of the most frequently used commercial powder-bed-based AM systems. The
proposed solution allows a controlled multi-layer translational powder to be spread using
interchangeable recoating devices. The instrumented tester allows us to measure the
powder bed density, the spread layer uniformity, and the spreading forces for different
recoating strategies and feedstocks. The functionality and capabilities of the main sub-
assemblies of a proposed tester are described and a case study involving the testing of
a specific AM powder feedstock is finally carried out to illustrate the capabilities and
limitations of the apparatus developed.

2. Design and Description of the Powder Spreading Apparatus

The powder spreading apparatus is designed as a consolidated tabletop unit
(467 x 294 x 678 mm) adapted for spreading different material types (polymer, ceramic,
metal) in powdered form and includes all of the main elements needed to reproduce the
recoating operations of most commercial PBAM systems. It is equipped with instrumenta-
tion to monitor the metrics of interest, namely the powder bed density, layer quality and
uniformity, and spreading forces. The main structural elements of the apparatus in contact
with the powder to be tested are made of 6061 aluminum to ensure a good balance between
strength, machinability, and corrosion resistance, in addition to being paramagnetic to
prevent the electro-charging of ferromagnetic powder particles.

The following are the main components of the apparatus (Figure 1): the powder
dispensing module, consisting of the dispensing platform (1), the actuator (2) and the
dispensing duct (3); the powder spreading module, consisting of the spreading platform (4)
controlled by the actuator (5) and equipped with the load cells (6); the spreading mechanism,
consisting of the spreading arm (7), the actuator (8) monitored by a torque sensor (9), and
two limit switches (10); the powder bed uniformity control module, consisting of the
CCD camera (11) and the 3D scanner (12). In addition to the other main components,
the apparatus includes the powder collector (13), the control panel (14), and the main
platform (15). The control architecture and pictures of the testing apparatus are presented
in Appendix A, while a detailed description of the main components is presented in the
following sections.

Powder Dispensing Module Spreading Mechanism Other main components
1.Dispensing platform 7.Spreading arm 13.Powder Collector
2.Dispensing platform 8.Spreading mechanism actuator 14.Control Panel
3.Dispensing duct 9.Torque sensor 15. Main Platform

10.Limit switches

Powder Spreading Module Powder Bed Uniformity evaluation Module
4.Spreading platform 11.CCD camera
5.Spreading platform actuator 12.3D scanner
6.Load cells

Figure 1. Design of the powder spreading apparatus with the list of the main components.
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Dispenser displacement =

2.1. Powder Dispensing Module

The dispensing module transfers the powder required for spreading from the dis-
pensing duct (3 in Figure 1) to the spreading platform (4 in Figure 1). A schematic of the
dispensing elevator module is presented in Figure 2, along with the list of main components.
The dispensing system comprises a stepper motor (Nema 17HD48002H-22B 12V stepper
motor, ZYLtech, Houston, TX, USA; 1 in Figure 2) that controls vertical movements of the
dispensing platform (7 in Figure 2) through the dispensing duct within a 20 mm travel
distance using two guide shafts (carbon steel, 1/4” diameter; 8 in Figure 2) and a precision
lead screw (0.216”-20.8 thread size; 3 in Figure 2) linked to the motor via a shaft coupling
(2 in Figure 2). A silicon seal is installed in the groove (4 in Figure 2) at the base of the
dispensing platform to minimize powder leakage. The stepper motor (1) is controlled via a
driver (DRV8825,2.2 A, 8.5-45 V, Texas instruments, Dallas, TX, USA) in combination with
a microcontroller (ARDUINO MEGA 2560, ARDUINO, Ivrea, Italy), with the displacement
increments being defined by the number of steps during the motor rotation, while the
displacement speed is defined by the delay between the steps during the actuator spin.
Two limit switches (V-156-1A5; OMRON, Osaka, Japan, 5 and 6 in Figure 2) are installed to
define the upper and lower end positions of the platform and to stop the displacement of
the motor once activated.

1. Stepper motor 5. Upper limit switch
2. Shaft coupling 6. Lower limit switch
3. Lead screw 7. Dispensing platform
4. Seal groove 8. Linear guide shafts

Figure 2. Schematic of the powder dispensing module.

The dispensing platform is initially placed at the lowest position and moves upwards
using the operator-defined increments. The dispensing module can contain up to 120
cm?® of powder when the platform is at its lowest position. Since the dimensions of the
dispensing (120 mm x 50 mm) and spreading (100 mm x 100 mm) platforms are different,
the displacement increment of the dispensing platform is defined by Equation (1):

Spreading platform area x Layer thickness
Dispensing platform area

x Charge amount(%) 1)

to ensure that the amount of powder available for spreading is sufficient to entirely cover
the spreading platform with a uniform layer of powder of a given thickness.

2.2. Powder Spreading Module with Weighing Unit

The spreading platform (1 in Figure 3) contains powder spread by the recoating
mechanism. The platform emulates the part building area in a commercial PBAM machine.
A schematic of the spreading elevator module is presented in Figure 3, along with a list
of the main components. The spreading module comprises a motorized vertical stage
(8MVT100-25-12V-1.8A, STANDA, Vilnius, Lithuania; 2 in Figure 3) that controls vertical
movements of the platform through the corresponding duct within a 20 mm travel distance.
The motorized vertical stage is capable of a reported 5 um resolution when controlled in
full-step mode.
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1. Spreadingplatform 4. Protectioncover
2. Motorized vertical stage 5. Single pointcompressionload cell

3. Powdercollector

Figure 3. Schematic of the powder spreading module with the weighing unit.

The stepper motor of the vertical motorized stage is controlled using the same principle
as that used to control the dispensing platform actuator (1 in Figure 2), as described in the
previous section. The displacement increments of the platform, corresponding to the layer
thickness of the deposited powder bed, are defined by the operator. The platform is initially
placed at the same level as the main platform (15 in Figure 1), and it moves downward
by defined increments. At its lowest position, the spreading platform can contain up to
200 cm® of powder. The limit switches embedded in the motorized vertical stage unit
(8MVT100-25-12V-1.8A, STANDA, Vilnius, Lithuania,) are used to define the limit positions
of the platform during its displacements.

A weighing unit is included within the spreading platform module in order to measure
the mass of the deposited powder. Two single point load cells (108AA aluminum single-
point load cell; ANYLOAD, East Hanover, NJ, USA, 5 in Figure 3) are installed under the
spreading platform and attached to the upper surface of the motorized vertical stage to
form a unique mechanical link between the two platforms, such that the load generated
by the deposited powder layers is fully applied on the load cells with a minimum of
interference. Each load cell has a maximum rated capacity of 300 g, with a full-scale output
of 1 mV/V £20% and non-linearity and repeatability factors below =+ 0.023%. The load cells
are attached to amplifiers (EMBSGB200, TACUNA SYSTEMS, Golden, CO, USA), including
an offset adjusting potentiometer and DIP (Dual In-line Package) switches to configure the
reading gain. A total gain of 1100 was selected to offer a good compromise between the
reading sensitivity and stability (reduced signal noise), without saturating the readings
when applying the maximum load defined around 500 g. The amplifiers are connected to
the microcontroller (ARDUINO MEGA 2560, ARDUINO, Ivrea, Italy) via an analog input
to convert the voltage changes (0 to 5 V) into digital readings (0 to 1024 bit). More details
about the calibration and capabilities of the weighing unit are presented in Section 4.1. For
each powder spread layer, 10* readings from each load cell are recorded, averaged, and
summed together to estimate the total load applied by a deposited amount of powder. The
digital readings are converted into mass values using the formula established during the
calibration phase described in Section 4.1.

The spreading platform is leveled with the main platform using an electronic level
gauge and centered so as to get a consistent gap 0.1 mm gap between the contour of the
platform and the inner surface of the travel duct. This gap serves to minimize the weighing
unit reading disturbances and even the jamming of the spreading platform caused by
powder particles filling the interstice between platforms. The gaps allow a small quantity
of powder to freely fall into the powder collector (3 in Figure 3) installed underneath, which
is cleaned after each testing sequence. The impact of the gap between the platforms will be
discussed in Section 4.1. A cover (4 in Figure 3) is added to protect the load cells from the
falling powder particles and prevent them from accumulating around the sensors.
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2.3. Spreading Mechanism with Recoating Forces Measurement Unit

The spreading mechanism uses a horizontally moving recoating tool to evenly dis-
tribute and transport the powder from the dispensing platform to the spreading platform.
The spreading mechanism comprises an actuator, a linearly guided moving carriage, and
a spreading tool. A brushless servo motor (BLM-N23-50-1000-B, 55 oz-in, 4.6 A, GALIL
MOTION CONTROL, Rocklin, CA, USA) (8 in Figure 1) associated with a belt (GT2,
6 mm, rubber with fiberglass core) and linear guide rails (12 mm wide, 27 mm wide alu-
minum sleeve bearing carriage) moves the spreading arm horizontally from one side of
the apparatus testing area to the other. The actuator is controlled via a dedicated driver
(DMC-31012-BOX MO-ISCNTL-LSNK, GALIL MOTION CONTROL, Rocklin, CA, USA).
The end positions of the recoating arm are detected by two limit switches (V-156-1A5,
OMRON, Osaka, Japan, 10 in Figure 1), which automatically stop the spreading arm move-
ment once one of the end positions is reached. The motor is associated with a differential
quadrature incremental encoder (1000 lines, 4000 count per revolution) allowing one to
monitor and adjust the actuator velocity to match the speed specified by the operator using
a PID controller. The current configuration allows one to securely and consistently displace
the moving carriage within a 20 to 800 mm/s speed range.

A modular recoating module (7 in Figure 1) is developed to allow the mounting of
interchangeable spreading tools on the horizontally moving carriage. Figure 4 shows the
assembly of the blade and the roller spreading configurations. A set of custom blades, made
from different materials (metal or polymer, stiff or compliant) and different geometries
(thickness, contact angle), can be mounted on the moving cart (1 in Figure 4) via an L-shaped
bracket (5 in Figure 4). The height, the tilt, and the leveling of the blade can be adjusted
using a set of four screws and springs (4 and 6 in Figure 4). Rollers (11 in Figure 4) with
embedded bearings (14 in Figure 4) (RORLS20-8-LC125, MISUMI, Chicago, IL, USA) made
from different materials (steel, aluminum, urethane) can be fitted on the moving cart using
a dedicated mounting bracket (13 in Figure 4), a set of positioning pins (10 in Figure 4) with
screws, and springs for height adjustment (9 and 12 in Figure 4). The clearance between
the blade or roller and the spreading platform of the apparatus is controlled using shims of
known thicknesses.

(a) Blade configuration (b) Roller configuration

1. Moving cart 8. Spreading blade

2. Belt attachment bracket 9. Roller height adjusting screw
3. Sleeve bearing carriage 10. Positioning pins

4. Blade height and tilt adjusting screws 11. Roller

5. Blade mounting bracket 12. Roller height adjusting spring
6. Blade height and tilt adjusting springs 13. Roller mounting bracket

7. Blade mounting screws 14. Bearing

Figure 4. Assembly schematic of the powder spreading arm: (a) blade setup; (b) roller setup.

To monitor the spreading forces during the displacement of the moving carriage,
a shaft-to-shaft rotary torque sensor (TRS605-FSH02054, FUTEK, Irvine, CA, USA, 9 in
Figure 1) is coupled with the actuator on one extremity of the main shaft and with the drive
pulley on its other extremity. The torque sensor has a maximum rated capacity of 5 N-m,
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with non-linearity and repeatability factors of £0.2% of the rated output. The sensor is
attached to a signal conditioner module (FSH03631, FUTEK, Irvine, CA, USA) that includes
a power supply unit and an analog-to-digital converter unit. The software SENSIT 2.10
provided by the sensor manufacturer is used to set the sampling rate to 1200 Hz with a
16-bit resolution and to record the data.

2.4. Powder Bed Uniformity Evaluation Module

To assess the powder bed uniformity, two independent imaging systems (optical
camera and 3D scanner) are mounted on the apparatus. The optical imaging system
comprises a CCD camera (GRAS-2054M-C, 2.0 MP, 30 FPS, monochromatic, POINT GREY,
Los Angeles, CA, USA) and a lens (LM35]JC, KOWA, Duesseldorf, Germany), as shown
respectively as 1 and 2 in Figure 5. The camera is connected to a computer via its dedicated
network interface card (IEEE-1394 PCI card) and controlled via FlyCapture software 2.5
provided by the camera manufacturer. The working distance between the camera and the
spreading platform (5 in Figure 5) is defined to provide a field of view of 101 x 101 mm
(102% of the spreading platform area) and an object space resolution of 83.3 pm (smallest
detectable feature).

1. CCD camera 4. Pan and tilt stage
2. Optical lens 5. Spreading platform area
3. 3D scanner 6. Main platform

Figure 5. Schematics of the powder bed uniformity evaluation module.

A 3D scanner (REVOPOINT MINI, REVOPOINT 3D Technologies, Inc., Shenzhen,
China) shown as 3 in Figure 5 is mounted on a pan and tilt stage (4 in Figure 5) above
the spreading platform. The scanner employs binocular blue light technology to project
structured light patterns on the powder bed. A dual camera system captures the projected
patterns from different angles. The scanner software analyzes images of the reflected
light pattern to determine the distance between the scanner and each point on the studied
surface based on the distortions in the pattern that occur due to the object shape. The
scanner is mounted on a miniature pan and tilt stage equipped with two micro-servomotors
(SG90, TOWER PRO, Hunt Valley, MD, USA) and controlled by the ARDUINO MEGA 2560
microcontroller to perform a £30° pan and tilt displacement. The scanner is connected to
a computer via USB and controlled using the dedicated software REVO SCAN 5.2.1. The
working distance between the scanner and the spreading platform is defined as 100 mm.
The movements of the pan and tilt mounting stage covers the spreading platform and the
adjacent area (~10 mm around the platform) under different angles to capture a total of
456 frames. The point cloud of the scanned surface is generated and saved. It should be
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noted that the 3D scanner is removed from the field of view of the CCD camera when the
latter must be used to capture the pictures.

3. Testing Procedure

Before starting the test, the operator prepares the apparatus by cleaning its main
components using an industrial vacuum and collecting the remaining powder or dust
using a soft laboratory wipe and isopropanol. After turning on the apparatus and letting
it warm up for at least 20 min to stabilize the operating temperature of the electronic
components, the operator defines the spreading parameters using the front control panel
or by editing the program using a computer. The operator then proceeds to homing the
different moving components, namely the recoating arm (right side of the apparatus), the
dispensing platform (lowest vertical position), and the spreading plate (highest vertical
position). The load cell reading offsets are checked and adjusted using the integrated
potentiometer to ensure that both cells display identical readings when no load is applied.
The operator can use calibrated weights to initialize the readings of the weighing unit.
Reference readings of the torque sensor are recorded for a given spreading arm velocity
with no powder present (no load, torque variations induced by the setup are recorded). The
gap between the spreading tool and the main platform is checked using shims and rectified,
if needed, using the set screws (4 in Figure 4). The operator then proceeds by filling the
powder in the dispensing duct and levelling it with a dedicated scraper to remove any
excess. Once the apparatus is prepared, the operator begins the test sequence by pressing
the start button of the control panel. Figure A4 (Appendix B) presents a diagram describing
the test sequence of the powder spreading apparatus.

At the beginning of a test, the temperature and humidity in the room are recorded
by the embedded DHT111 sensor (ADAFRUIT, New York, NY, USA), the dispensing
platform moves up, and the spreading platform is lowered by increments defined by the
user. Next, the recoating arm moves from the right end position to the left end position
(until the left position limit switch is activated) at the velocity defined by the operator.
Simultaneously, during the spreading arm displacement, the motor torque variations are
recorded to evaluate the powder spreading forces. For each spread powder layer, the mass
of a deposited powder is measured using the load cells and the obtained data are saved.

The dispensing and spreading platforms are then lowered by a small increment to
a safe position such that the spreading arm can move to the right end position without
collision and without damaging the previously spread powder layer. Once the spreading
arm is at the right end position, the dispensing and spreading platforms return to the
previous positions (prior to the return of the spreading arm). This sequence is repeated
until the required number of layers defined by the operator is reached, the dispensing
or spreading platforms reach one of their limit end positions, or the operator decides to
interrupt the test by pressing the pause or stop buttons on the front panel. At the end
of the spreading sequence, using the imaging system, the operator saves a picture of the
deposited powder layer via FlyCapture 2.5 software and performs an acquisition test of the
powder bed topography using a 3D scanner and REVO SCAN 5.2.1 software.

4. Validation and Calibration

To ensure the validity of the measurements of the main metrics of interest, namely the
powder layer density, the powder bed uniformity, and the spreading forces, the following
systems were calibrated: the weighing unit, the imaging system, the dispensing and
spreading platform displacement indicators, and the torque sensor of the spreading arm
mechanism.

4.1. Weighing Unit

Calibrated weights ranging from 0.01 g to 400 g were used to calibrate and test the
capabilities of the weighing unit. The test consists of three repetitions of a sequence
and starts by placing the weights in ascending order, in descending order, and then in



J. Manuf. Mater. Process. 2023, 7, 135

12 of 29

randomized order. For each placed weight, 10* readings are recorded. Between each
repetition, the system is left unloaded for at least 20 min. Following the three repetitions of
the defined sequence, the results obtained for each weight are combined, the readings of
the two load cells are summarized, and the average and standard deviation are calculated.
Figure 6a shows the digital readings (sum of both load cells) as functions of the placed
weights. It can be seen that the readings are highly linear, with an R-squared value very
close to unity (R? = 99.98%). The obtained results were used to establish the conversion
equation (Equation (2)) that will allow the evaluation of the mass of the deposited powder
as a function of the obtained digital readings.

Mass of deposited powder = 0.2409 x Digital reading — 160.72 2
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Figure 6. Weighing unit calibration and capabilities: (a) linearity; (b) variability; (c) sensitivity to
small mass variations; (d) stability as a function of the travel distance.

It should be noted that prior to the start of the test sequence with the powder
(Figure A4, Appendix B), the operator can recalibrate the load cells by placing different
known weights and adjust the numerical factors of Equation (2) accordingly.

The standard deviation error bars are plotted in Figure 6a but cannot be seen because
of the small values obtained and the good repeatability of the results, as shown in Figure 6b,
where the readings’ standard deviations in terms of percentage of the measured value
for each calibrated weight are plotted. The average calculated standard deviation is
0.011% and the maximum is 0.017%. Figure 6¢ shows the sensitivity of the unit readings
to small calibrated weights. The Student’s test (t-test) allows us to conclude that the
differences between the measurements are statistically significant. The smallest mass
variation detectable by the weighing unit is 0.01 g (smaller calibrated weights were not
available to test smaller increments). Figure 6d shows the reading stability of the load
cells during the downward motion of the spreading platform (without weights or powder)
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Adjusted volume

through a travel distance of 13 mm within the corresponding duct. The maximum reading
variation during the platform displacement is 0.016%.

To assess the powder bed density, the mass measured by the weighing unit must
be divided by the volume of the deposited powder, with the latter being calculated as a
product of the platform surface area multiplied by its vertical displacement. However,
as mentioned in Section 2.2, a 0.1 mm gap is left between the contours of the spreading
platform and the duct of the main platform in order to minimize the disturbances of
weighing unit readings caused by friction during the platform’s downward displacements.
The gaps allow a small quantity of powder to fall into the collector installed underneath,
inducing the creation of a powder bed with sloping edges, as shown in Figure 7. The
estimated volume used to calculate the powder bed density should be adjusted accordingly.
The missing powder volume caused by the sloping edges can be estimated by calculating
the area of a triangle formed by the contour of the powder bed (Figure 7) multiplied by the
spreading platform perimeter. The triangle base “a” is measured using the imaging system
installed above the powder bed (Figure 7), while the triangle height “b” corresponds to
the known platform’s vertical displacement. Thus, the adjusted volume of the deposited
powder bed can be calculated using Equation (3) and the powder bed density can be
estimated using Equation (4):

= (spreading platform area x b) — (a X b x spreading platform perimeter/ 2) (©)]

Mass of depOSIted pOWder(Displacement distance b)

Powder bed density = 4
oweerbed cemiy AdeStEd VOlume(Displacement distance b) @

Powder bed

(<0}
o

Spreading

plate Main platform

| T1]

Figure 7. Schematic of the obtained powder bed illustrating the gap between the spreading and
main platforms (with «a» the distance between the duct and upper layer and «b» the total spreading
plate displacement).

The powder bed density measured using the previously presented method can be
validated using cylindrical capsules [25,32] printed while trapping loose powder during
a job on a commercial PBAM machine. The trapped powder is collected and weighted
and the inner volume of the capsules is estimated to allow the calculation of the powder
bed density for a given configuration (powder, spreading parameters, recoating principle).
Examples of the obtained powder bed measurement results are presented and compared in
Section 5.1.

4.2. Displacements of the Dispensing and Spreading Platforms

The displacement resolution of the dispensing and spreading platforms were assessed
using a dial indicator (MITUTOYO Absolute Digimatic, Kanagawa, Japan, resolution 0.001
mm). The motorized platforms were given commands to travel incrementally with repeated
displacements ranging between 10 and 400 um (three times per increment). Figure 8a—c
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shows a perfect correlation (slope and R? close to unity) between the defined command
displacements and the positions measured for both platforms within the 10 to 400 um
range. The average residuals for set displacements are presented in Figure 8b—d and range
between +3 um and +1.5 um for the dispensing and spreading platforms, respectively.
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Figure 8. Validation of vertical displacements of the platforms: (a) dispensing platform set versus
measured displacements; (b) dispensing platform displacement residuals; (c) spreading platform set
versus measured displacements; (d) spreading platform displacement residuals (the error bars are
plotted but too small to be visible).

It should be noted that the calibration experiments were executed with no powder
present. It is probable that the displacement accuracy of the dispensing platform may be
affected by friction caused by fine powder particles that have fallen between the movable
and static parts of the bench, although this occurrence is not critical as long as the powder
coverage on the spreading platform is sufficient. This problem is, however, irrelevant for
the spreading platform thanks to the presence of a 0.1 mm gap between the movable and
static parts of the testing apparatus.

4.3. Spreading Forces Measurements

The rotary torque sensor used (TRS605-FSH02054, FUTEK, Irvine, CA, USA) was
factory-calibrated to convert the voltage signal (0 to 5 V) into torque values (0 to 5 N-m).
Figure 9 shows the calibration graph provided by the manufacturer; reference loads were
applied in both rotational directions (clockwise, counterclockwise). The sensor sensitivity
and the maximum system error were rated at 0.153 N-mm and +0.02%, respectively.

- 6 y =0.9996x + 0.0013 .
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Figure 9. Factory calibration of the rotary torque sensor voltage as a function of the applied load (the
error bars are plotted but too small to be visible).
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Equation (5) can be used to convert the voltage output into a torque value:
Torque measurement(N-m) = 1.004 x Voltage output(V) — 0.0013, ®)

In this work, the torque measurements were recorded with a sampling rate of 1200 Hz.
Reference measurements were taken with no powder present (off-load) to assess the torque
needed to displace the moving carriage (weight of the components involved, friction with
guide rails). The recorded measurements were subtracted from the values obtained with
the presence of powder to isolate the torque variations induced by powder spreading.

4.4. Powder Bed Uniformity Assessment

To assess the evenness of the powder bed, a qualitative analysis was carried out
using a CCD camera, while a 3D scanner was used to perform a quantitative assessment.
To determine the resolution and the smallest detectable features using the CCD, a certi-
fied microscope calibration coupon (CL-04-322-850, CLEMEX, Longueuil, QC, Canada)
(Figure 10a) was used. Considering the working distance allowing us to capture the full
spreading platform, an effective pixel size of 83.3 um was obtained.

(a)

J® CLEMEX

bl | SURFACE ROUGHNESS SCALE-CAT.NO G-6I
COMPARE BY SIGHT AND FEEL 1 AVERAGE ROUGHNESS
Ra=25.4 ym Ra=12.7 ym Ra=6.35 ym i

1

Figure 10. Calibration coupons used: (a) optical microscope calibration coupon; (b) surface roughness

calibration coupon.

The 3D scanner captured a point cloud fused and meshed with a pitch of 0.02 mm; to
retain the details of the captured surface topography, no noise reduction filter was applied.
The file was exported to STL format at a 1:1 scale, cleaned (cropping of unneeded areas,
removal of isolated points, filling of holes), and leveled using the area surrounding the
spreading platform (main platform; 15 in Figure 1) as a reference. To build the height
deviation map, the distance of each point of the spreading area with respect to the mean
surface was measured; the mean surface was built using the least squares method. Next,
the average height deviation from the mean surface was calculated and used as an indicator
of powder bed uniformity.

To estimate the height limitation detectability, calibrated shims with known thicknesses
of 40, 50, 60, 70, and 80 um were placed on a flat substrate, and a dedicated scanning spray
coating was applied to render the shim surfaces non-reflective, as shown in Figure 11a.
The obtained STL is shown in Figure 11b, where all five shims appear to be detected by
the scanner. Figure 11c shows the correlation between the reference and the thicknesses
measured using the scanner. The average heights of different areas corresponding to each
of the shims with respect to the substrate are estimated using MATLAB. It can be seen that
the measured values are higher than the reference, with an average difference of ~6%. The
average standard deviation of the measurements was ~2%. The differences in height and
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the standard deviations could be explained by the added spray coating, the error induced
by the scanner stitching algorithm, the error during the mesh generation, and the error
of the STL leveling process with MATLAB. The difference between the thicknesses was
statistically significant, and a 10 pm height difference could be detected by the implemented
system; thinner shims would, thus, be needed to define the detectability limit of the system.
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Figure 11. Calibration and validation of the 3D scanner measurements: (a) picture of the selected
reference shims; (b) the obtained STL of the reference shims; (¢) comparison between the measured
and reference thicknesses; (d) correlation between the reference and measured average surface
roughnesses of the coupon.

To further validate the obtained results and the developed algorithm, a surface rough-
ness coupon (G61 micro-finish comparator, GAR, Danbury, CT, USA) (Figure 10b) was
scanned. The coupon includes indicators for four average surface roughnesses, namely
6.35,12.7, 25.4, and 50.8 pum. Each indicator was analyzed separately, and the average
surface roughness Ra was calculated. The correlations between the reference and measured
values are shown in Figure 11d. It can be seen that the implemented system is capable of
differentiating the different scanned areas. The trend for the measured values matches the
increasing trend of the reference Ra. For the smallest reference Ra 6.35 um, it seems that the
scanner reached its detectability limit and was not able to detect small height variations
(—53.6% difference). For the remaining reference values of 12.7, 25.4, and 50.8 pm, the
differences were 11.8, 2.7, and 7.2%, respectively.

4.5. Summary of the Powder Spreading Apparatus Characteristics

In summary, the technical characteristics of the powder spreading apparatus are
collected in Table 2 for powder spreading and density measurements, in Table 3 for powder
spreading and force measurements, and in Table 4 for powder bed uniformity evaluations.

Table 2. Powder spreading and density measurement capabilities.

Powder Dispensing Powder Spreading .
Module Mechanism Weighing Module
Travel distance (mm) 20 Travel distance (mm) 20 Maximum capacity (g) 465
Dimensions (mm) 120 x 50 Dimensions (mm) 100 x 100 Sensitivity (g) 0.01

Max. system

Displ. resolution (pm) 10+3 Displ. resolution (pm) 5+15 error (%)

+0.017
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Table 3. Spreading arm module and force measurement capabilities.

Spreading Arm Module Spreading Forces Measurements Module
Speed range (mm/s) 20-800 Maximum capacity (N-m) 20
Mechanism Modular, customizable Sensitivity (N-mm) 100 x 100
Displ. resolution (pum) 10+£3 Maximum system error (%) 5+1.5

Table 4. Powder bed uniformity evaluation module capabilities.

Powder Bed Uniformity Evaluation Module

3D scanner sensitivity (um) 20
Optical camera resolution (um) 100 x 100
Evaluated area (mm) 5+15

5. Case Study

To demonstrate the technical capabilities of the developed test apparatus, the impact of
the layer thickness and recoating speed on the powder bed density, powder bed uniformity,
and recoating forces were studied using a Ti-6Al-4V gas-atomized powder supplied by EOS
(EOS GmbH, Munich, Germany) (D10 = 25.3, D50 = 35.8 and D90= 46.4 um). A single solid
flat blade made of Al6061 was used as the spreading tool. The layer thicknesses were 30,
60, and 100 um (commonly used layer thicknesses on commercial L-PBF machines), while
the recoating speeds were 100, 200, 300, 400, and 500 mm/s (commonly used recoating
speeds on commercial L-PBF machines range from XX to YY). To ensure a constant range of
measuring sensitivities during the entire study, the total spreading platform displacement
for each of the testing cases was kept constant and equal to 1.2 mm, which required 40 layers
of powder for a layer thickness of 30 um, 20 layers of powder for a layer thickness of 60 um,
and 12 layers of powder for a layer thickness of 100 um. The increment displacement of the
dispensing platform (the charge amount) was 500% of the spreading platform displacement
increment (the layer thickness), as described by Equation (1) in Section 2.1. This value
was defined considering differences in the respective surface areas of the dispensing
and spreading platforms, as well as to compensate for the powder losses due to the
presence of a gap around the spreading platform. For each layer spread, the masses of the
deposited powder and spreading forces were recorded. Additional powder bed uniformity
measurements were performed after the last layer of powder was deposited.

The results obtained using the different measurement modules are presented and
discussed in the next sections in the order of the powder bed density, powder spreading
forces, and powder bed uniformity. The results obtained with the testing apparatus of
the present study are then compared with data obtained from literature sources and from
additional experiments using different measurement techniques.

5.1. Powder Bed Density

The average powder bed density was calculated by evaluating the average deposited
mass per layer divided by the adjusted volume and normalized by the theoretical density
of Ti-6A1-4V (4.41 g/cm?). The bulk properties (tapped and apparent density levels of
the feedstock powder) and the powder bed density determined using the printed capsule
method [32] were used as reference data. The obtained results are reported in Figure 12
and in Table A2 (Appendix C). Regarding the measurements performed using the test
apparatus, it can be seen that the greater the layer thickness and the higher the recoating
speed, the lower the powder bed density.

For example, for a recoating speed of 100 mm/s, the highest density of 60 & 2% was
obtained for a layer thickness of 30 um, which was respectively 2.6 and 6.6% higher than the
powder bed densities obtained for the 60- and 100-pum-thick layers. Moreover, for the layer
thickness of 30 um, the highest density was obtained with a recoating speed of 100 mm/s,
which was respectively 2.6, 12.4, 12.8, and 24.9% higher than the powder bed densities
obtained with recoating speeds of 200, 300, 400, and 500 mm/s. A trend can also be seen in
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the standard deviations of the results obtained, where an increase in the layer thickness
and in the recoating speed was accompanied by an increase in the results’ variability. This
variability could also be related to inconsistent powder collapse in the neighboring area
of the gap, where powder can accumulate (increased deposited mass) and collapse once
the avalanche angle of the powder is reached (loss in deposited mass). Note that for the
same layer thicknesses of 30 and 60 um, the difference between the Ti-6Al-4V powder bed
densities of this study for a recoating speed of 100 mm/s and those obtained by the printed
capsule method [32] (recoating speed 80 mm/s) was less than 1%.

oOApparent density = Tapped density & Printed capsules m30 ym ®60 ym ®100 ym
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Figure 12. Powder bed density as a function of the layer thickness and recoating speed with the
reference values (bulk properties and printed capsule densities [32]).

5.2. Spreading Forces

The torque variations of the recoating arm actuator were measured during the test
sequence. For each recoating speed, reference measurements were taken without powder to
evaluate the system-induced torque variations. The torque value was divided by the drive
pulley radius of 12.75 mm and the width of the spreading blade to evaluate the spreading
forces per contact length of 120 mm. The obtained results are reported in Figure 13 and
Table A3 (Appendix C). A reference value obtained using the shear cell testing mode of an
FT4 powder rheometer is also included [32]. It can be seen that in most cases, the greater
the layer thickness and the higher the recoating speed, the higher the spreading forces. The
reference (rheometer) value is within the same order of magnitude as the measurements
performed with the test apparatus; it should be noted that the rheometer tests the powder
in a compacted state.
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Figure 13. Spreading forces as functions of the layer thickness and the recoating speed.
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5.3. Powder Bed Uniformity

The powder bed uniformity was assessed on the last spread layer of the test sequence.
Table 5 includes pictures captured using a CCD camera installed above the spreading
platform to allow a qualitative inspection of the powder bed uniformity.

Table 5. Powder bed images for different layer thicknesses and recoating speeds.

Layer Thickness (um)
60 100

Recoating Speed (mm/s) 30

100

200

300

400

500
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Based on the powder bed pictures for the three studied layer thicknesses (Table 5),
significant turbulences of the powder bed occur starting at a recoating speed of 400 mm/s.
For the lower speeds, no major turbulences or significant differences between the studied
cases can be detected based on the qualitative evaluation performed (Table 5).

For the quantitative assessment, representations of the powder bed were captured
using a blue light 3D scanner. The point cloud obtained were cleaned, leveled, and the
distance of each of the points from the plan fitted using the least squares method were
measured to build the height deviation maps shown in Figure 14. The average height
deviations for the different layer thicknesses and recoating speeds are reported in Figure 15.
As shown in the figure, the height deviations for the two fastest recoating speeds of 400
and 500 mm/s are significantly greater, given the presence of pronounced turbulences on
the powder bed. For the recoating speeds of 100, 200, and 300 mm/s, noticeably smaller
height deviations were observed, with the impact of the recoating speed on the powder
bed uniformity for these configurations being almost negligible.

100 mm/s 500 mm/s

Height deviations (mm)

-0.6

Figure 14. Powder bed height deviations for spreading speeds of 100 and 500 mm/s and a layer
thickness of 100 um.
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Figure 15. Powder bed average height deviations as functions of the layer thickness and the spread-

ing speed.

A high-resolution KEYENCE VR-5000 3D scanner (0.1 pm resolution) using blue laser
scanning technology and a high-accuracy CMOS sensor were used to obtain reference
values for the powder bed height deviations. The same powder considered in the case
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study was manually spread (speed unquantified ~80-100 mm/s) using a scraper on a
flat coupon with an 8 mm depth recess. The obtained powder bed was analyzed with a
high-resolution 3D scanner (KEYENCE VR-5000) and the height deviations were within
the £40 um range, which was in agreement with the deviation range measured by the
scanning system of this testing apparatus (REVOPOINT MINI).

5.4. Discussion of the Case Study

The differences in the powder bed densities for different layer thicknesses and recoat-
ing speeds (Figures 12 and 15) may be partly attributable to variations in the particle size
distributions (PSDs) between the dispensing and spreading platforms and the powder
collector caused by powder spreading [25,36,55]. To verify this hypothesis, powder sam-
ples were taken along the spreading path from the dispensing platform to the spreading
platform and finally to the collector for 3 layer thicknesses and 5 recoating speeds. The
PSDs of the collected samples were measured using a laser diffraction particle size analyzer
(Beckman Coulter LS XR 13-320).

As an example, the PSDs of the powder deposited on the spreading platform using
the same recoating speed of 300 mm/s but three different layer thicknesses are shown in
Figure 16a and compared to the reference PSD (dispenser). It can be seen that the smaller
the layer thickness, the more the PSD on the spreading platform is shifted towards smaller
particles, most probably because when the gap between the blade and the platform becomes
smaller, the number of larger particles dragged by the blade to the collector becomes
greater. The same phenomenon could explain an increase in the powder bed density with a
decrease in the layer thickness (Figure 12), since finer particles remaining on the spreading
platform fill the existing gaps within the powder bed more efficiently [25,36,55]. This is also
confirmed by the results reported in Figure 16b—d showing PSD variations of the powder
samples taken along the spreading direction, whereby the greater the layer thickness, the
smaller the number of larger particles dragged from the dispenser to the collector.

The PSDs measured on the spreading platform are also influenced by the recoating
speed variations, and an example of such an influence can be seen in Figure 17 for a
constant layer thickness of 100 um. It can be seen that when the recoating speed increases
from 100 to 200 and 300 mm/s, the PSD on the spreading platform shifts towards larger
particles (increases in D10, D50, and D90), which can be explained as follows. The higher
the spreading speed, the shorter the available settling time for smaller particles within the
gaps of a powder bed. The scraper travel speed has an effect on the particle mass flow in
the gap between the scraper and the underlying layer. This increases linearly with the blade
speed until a critical speed is reached, where the mass flow rate reaches an asymptotic
value representing the maximum deposition rate that can be achieved for a given spacing.
At low recoating speeds, the inertial time scale of the spreading is longer than the inertial
time scale of gravity, and consequently particles have time to fall and pass through the gap.
On the other hand, at high recoating velocities, when the inertial time scale of the spreading
is much shorter than the inertial time scale of gravity, particles cannot fall through the
gap fast enough, limiting the particle deposition (mass flow) [6,56,57]. The same powder
coarsening phenomenon can also explain a decrease in the powder bed density with an
increase in the spreading speed reported in Figure 12. This trend is inverted when the
recoating speeds reach 400 and 500 mm /s, whereby the PSDs on the spreading platform
then shift towards finer particles. A decrease in the powder bed density in this case is
associated with a lack of powder coverage, which can be observed in Figure 14 (uneven
powder bed).

The surface profile of the spread layer can also be correlated with the powder bed
density, whereby a tightly packed bed produces a surface with fewer discontinuities, which
could explain the results presented for powder bed average height deviations as functions of
the layer thickness for spreading speeds of 100, 200, and 300 mm/s in Figure 15 [36,58-60].
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Figure 16. PSD variations for a constant recoating speed of 300 mm/s: (a) PSDs on the spreading
platform as functions of the layer thickness; PSDs along the spreading path as functions of the layer
thickness of (b) 30 um, (c) 60 um, and (d) 100 pm.
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Figure 17. PSD variations on the spreading platform as functions of the recoating speed for a layer
thickness of 100 um.

The increase in the spreading forces with an increase in the layer thickness (Figure 13)
can be explained by a greater amount of powder being displaced (charge amount %) and
greater particle-particle frictional interactions. Higher recoating speeds increase the particle
circulation within the heap in front of the blade, enhancing the convection motion and
interaction with particles of the underlying powder bed and increasing the cohesive forces



J. Manuf. Mater. Process. 2023, 7, 135

23 of 29

present in the powder cluster [53,61,62]. These phenomena favor a random formation of the
force arches and intermittent particle blockages reducing the powder passage cross-section.
The formation and breakage of these force arches generate random fluctuations in particle
stresses and variable flow conditions during powder bed spreading [63,64]. The recoating
forces and particles dynamics involved during the spreading highly impact the surface
uniformity of the powder bed, whereby the enhanced convective motion of the particle
heap in front of the blade and the increased interaction with the previously deposited
particles can create disturbances, as observed in Figure 13 for spreading speeds of 400 and
500 mm/s.

6. Conclusions

In this work, the design, calibration, and validation of a novel testing apparatus
(Figures 1 and A1) reproducing the main components involved in the powder spreading op-
eration of commercial PBAM machines was presented. This apparatus offers customizable
powder spreading settings (layer thickness, spreading speed, and design of the spreading
mechanism) and allows measurements of relevant powder spreading metrics (powder bed
density, uniformity, and spreading forces). Furthermore, a case study was carried out to
demonstrate the technical capabilities of the developed test apparatus, and the impacts of
the layer thickness and recoating speed on the powder bed density, powder bed uniformity,
and recoating forces were studied using a typical Ti-6Al-4V gas-atomized powder. The
results obtained were compared with the literature and we confirmed the overall validity
of the observations made with the proposed testing apparatus. Future work using the
proposed testing apparatus will be focused on the impact of the intrinsic characteristics
of the powders (chemical composition, particle size, and morphology) compounded with
the powder spreading conditions and the effects on the powder bed density, uniformity,
and spreading forces. Based on the result of this study, prior to the optimization of laser
bed fusion parameters, the powder density and uniformity could be maximized and the
spreading forces minimized, with the ultimate objective of establishing the best trade-off
between the process productivity (minimum recoating time) and mechanical and geometric
service properties of the printed components.
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Appendix A. Control Architecture

The front panel of the apparatus shown on 13 in Figure 1 and the front view of
Figure A1 allows the operator to control the different modules of the test bench and define
the test settings. Figure A2 shows the control panel and Table A1 lists and describes the
elements of the panel.
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Figure A1. Pictures of the testing apparatus.
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Figure A2. Control panel layout.

Table A1l. List and description of the control panel elements.

N° Item Description
1 ON/OFF button Button to switch on and off the test bench
2 LCD screen tS:SI‘fgg ;cgsdisplay the recoating speed, increment settings, temperature, humidity, and
3 Temperature and humidity sensor DHT11 sensor to monitor the temperature and humidity during the test
4 Emergency stop button Button to shut off the test in case of emergency
5 Spreading arm control Buttons to control the movements of the spreading arm horizontally (right and left)
6 Spreading speed setting Potentiometer to control the spreading arm’s speed of advance (recoating speed)
7 Dispensing platform control Buttons to control the movements of the dispensing platform vertically (up and down)
8 Dispensing increment control Defines the increment of the dispensing platform displacement (+ and —)
9 Spreading platform control Buttons to control the movements of the spreading platform vertically (up and down)
10 Spreading platform increment control Defines the increment of the spreading platform displacements (+ and —)
1 Homing button Butfco'n to bring ba(.:k. the different moving elements of the test bench to their initial
positions (safe positions)
12 Save settings Button to save the defined settings (recoating speed, dispensing and spreading
platforms’ increments) on the internal memory of the microcontroller
13 Start test button Button to start the test sequence defined in Section 3
14 Stop test button Button to stop the test sequence (test progress is lost)
15 Pause test button Button to pause the test sequence (test sequence is on hold until the start button is

pressed again)
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Figure A3 shows a simplified schematic of the electrical connections and commu-
nications between the main components of the apparatus. The ARDUINO MEGA 2560
microcontroller is used for the control of the dispensing and spreading platform modules’
displacements, the load cells readings, and interactions with the control panel compo-
nents and limit switches, in addition to the communication with the DMC31012 spreading
mechanism motor controller to synchronize the displacement sequence of the modules
involved in the spreading operation. The CCD camera is connected via a network interface
card; the DMC31012 controller uses an ethernet connection; and the Arduino board, the
3D scanner, and the torque sensor are connected via a universal serial board to a central-
ized computer where the dedicated software packages are installed and used to edit the
spreading parameters and display and record the sensors readings.

| CCD camera I

3D scanner

Torque
sensor

Spreading

mechanism

motor

Dispenser Spreading

platform actuator | platform actuator Loddcalls
Sopper | Soever | i
DRV8825 DRV8825 R

Front
panel

ARDUINO MEGA 2560

Motor controller
DMC31012

Universal serial
bus

Network interface
card

Computer with ARDUINO IDE, FLYCAPTURE, GALIL DESIGN KIT, REVO SCAN and LABVIEW

Figure A3. Simplified electronic wiring and communication schematic of the apparatus.

Appendix B. Detailed Testing Procedure

Figure A4 presents a diagram of the detailed test sequence of the proposed apparatus.
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« Save the temperature and humidity sensor values
« Calibrate load cells readings
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Fill dispensing duct with powder
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I

Dispensing and spreading platforins modules

« Moving up the dispensing platform by the
increment defined by the operator
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increment defined by the operator

I
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« Moving the spreading arm until the « Read the torque values of the motor
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« Save the data

Dispensing and spreading platforins modules

« Lowering the dispensing and the spreading
platforms to avoid collision with the spreading arm.

l

Spreading mechanism module

« Moving the recoating arm until the right position
limit switch is activated

I

Dispenser and spreading platform modules

*  Moving up the platforms to the positions prior the
recoating arm ftravel

Number of layers = Required number of layers ?
Platforms limit switches activated ?

No Operator stopped or paused the sequence ?
l Yes
Imaging system 3D scanner
« Capture photos of the spread « Acquire the point cloud of the
powder bed powder bed

Figure A4. Test sequence of the powder spreading apparatus.

Appendix C. Detailed Results

Table A2. Powder bed density values as a function of the layer thickness and recoating speed with

reference values (bulk properties and printed capsules densities).

Layer Thickness, um 30 60 100 NA
Test apparatus measurements
Powder bed density (%) for a recoating speed (mm/s) of:

100 60.4 + 3.1 58.8 +5.3 56.4 + 5.0 --

200 58.8 +4.3 524 +45 435+73 -

300 529 + 6.0 52.3 + 4.8 446 + 8.5 --

400 52.6 + 8.9 528 + 6.4 449 +11.2 -

500 453 +9.7 43.8 £10.6 43.1 £10.1 --
Printed capsules measurements [32]
Powder bed density (%) for a recoating speed 80 mm/s 60.0 + 0.5 59.0 +£ 0.7 -- --
Bulk properties

Apparent density (%) - - - 54.2 £+ 0.003

Tapped density (%) - - -- 57.8 +0.005
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Table A3. Spreading forces as functions of the layer thickness and recoating speed.

Layer Thickness, um 30 60 100 NA

Test bench measurements
Spreading force per contact length (N/cm) for a recoating

speed (mm/s) of:
100 0.008 + 0.005 0.008 + 0.002 0.006 £ 0.005 -
200 0.010 £0.001  0.016 £0.002  0.016 £ 0.004 -
300 0.018 £0.003  0.019 £0.006  0.030 & 0.001 -
400 0.035 + 0.004 0.034 + 0.002 0.041 +£ 0.006 -
500 0.033 £0.002  0.034 £0.002  0.038 & 0.004 -

FT4 rheometer (shear cell) (N/cm)

for a shearing speed of 20 mm/s - - -

0.016 £ 0.003
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