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Dear Dr. Cao,

My name is Emilio Bassini, I'm a researcher working in the Material Science and Technology department at
Politecnico di Torino.

I'm writing to you following the Journal of Materials Processing Technology guide for authors regarding the
possibility of publishing a review paper on the journal mentioned above.

As anticipated, I'd ask you, as the editor in chief, if the following review could be suitable for JMPT.
The review title is "Powder spreading and spreadability in the additive manufacturing process".

Powder spreading and spreadability is a relatively new topic. However, its importance is growing quickly as
researchers in academia and practitioners in the industry are eager to improve the AM process's quality,
reliability, and replicability. In this review, after a quick glimpse into powder-based AM manufacturing, we
analyze the current state of research and understanding about powder spreading to put together a coherent
picture of the current knowledge.

Based on the works published in the literature, we try to rationalize the concept of powder spreadability and
give a clear picture of the proposals done by many researchers to quantify spreadability through the
definition of new metrics and correlate them with the physical and bulk properties of the powders.

This topic could be suitable and attractive for the journal readership since powder spreadability is closely
connected with processing technology related to additive manufacturing. Therefore, we kindly ask you to
consider this work for possible consideration for these reasons.

The work consists of ca. 55 pages and contains 112 references. No work from the co-authors of this review
was cited; therefore, the self-citation percentage equals 0.

Attentions were given to theoretical and practical topics, trying to build a document to help researchers and
end-users.

The work also contains many references to the simulation techniques commonly used to assess this physical
problem.

The paper underlines which models or experiments provide higher reliability, guiding people involved in the
AM field to higher quality standards, providing a more robust knowledge of those phenomena intercurring
during each powder layer spreading.

Furthermore, as required in the guide, we would like to mention that all the authors of this work have already
published several works concerning the AM world with many citations from the academic catchment.

Finally, since this is a requirement for entering the publishing process on JMPT, I'd like to mention that in
2019, | was able to publish a paper In JMPT regarding the application of the Hot Isostatic Pressing as a near-
net-shape processing technology applied to a Nickel-based alloy. The paper DOI is provided below.

The main points contained in this review can be summarized as follows:

e This review aims to discuss powder spreading and spreadability for additive manufacturing purposes
intensely.

o In-depth knowledge of spreadability can drastically improve the AM process's quality, reliability, and
replicability.

e This review analyzes the current state of research and understanding about powder spreading

e The review aims to give a clear picture of the current knowledge of powder spreadability to help
researchers and final users to achieve higher part density and lower superficial roughness.



e The work gives a tool to quantify spreadability using quantitative metrics and correlate them with
the physical and bulk properties of the powders.

| want to thank you for your kind attention, and | hope that this paper could be of interest to you and the
journal's readership.

The submission is original and was not submitted to any other journal but JMPT for evaluation.

Best regards

Emilio Bassini Ph.D.

Department of Applied Science and Technology
Politecnico di Torino

Corso Duca degli Abruzzi 24,

Torino, Italy
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AM community has put forward a great deal of challenges in characterizing and understanding powder materials,
their behavior, and processability. In the context of AM technologies that use powder beds, the behavior of powder
during the spreading process is not entirely understood. In the recent past, researchers and practitioners have
frequently put powder spreading in strong connection with powder flowing or even used the concept of flowability
as synonymous with spreadability as discussed in the work of Zhang et al. (2018). Moreover, many tries have

been done to correlate standardized measurements to spreadability. Still, they often failed because standardized
tests are far from the typical conditions occurring during the powder spreading.

Powder spreading and spreadability is ardatively new topic. Its importance is growing quickly as researchersin
academia and practitionersin the industry are eager to improve the quality, reliability, and replicability of the AM
process. In this review, after a quick glimpse into powder-based AM manufacturing, we will analyze the current
state of research and understanding about powder spreading, trying to put together a coherent picture of the current
knowledge. On the basis of the works published in the literature, we will aso try to rationalize the concept of
powder spreadability and give a clear picture of the proposals done by many researchers to quantify spreadability

through the definition of new metrics and correlate them with physical and bulk properties of the powders.
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1. Additive manufacturing processes

1.1 Powder-based AM processes

Powder bed fusion (PBF) technology uses a localized heat source to melt or sinter powders that are previously
spread over the build platform, finally forming a dense layer; a schematic of PBF equipment isshownin Figure 1.
Once alayer has been printed, a new powder layer is spread and then melted or sintered. This processis repeated
to fabricate components layer by layer. PBF technology includes selective laser sintering (SLS), selective laser
melting (SLM), and el ectron beam melting (EBM) processes, according to the fact the powder is sintered o melted,
and the heat source isalaser or electron beam.

lasar unit scanner systam

*
poewder racoater I laser beam

fabsrication
platform

powder

supply
platfarm

Figure 1 - lllustration of laser powder bed fusion.

In the SLS process, metal powders are spread to form thin bed layers, sintered or partially melted with a high-
energy laser, followed by rapid cooling. A high- powered laser selectively melts the metal powder into layers of
20— 100 um. After that, a new powder layer is spread, and, again, the heat provided by the laser selectively melts
the powders together and with the dense layer below. In SLS, the heat supplied to the powder is tuned in order to
avoid powder melting but only sintering. Bo et al. (2020) showed that in the SLM process, metal powders are
spread to form thin bed layers and melted using a high-energy laser followed by rapid cooling. However, in this
case, the heat supplied by the laser is sufficient to melt the metal powder completely. The processis conducted in
an inert chamber filled with nitrogen or argon, and the build platform can be heated to reduce the onset of residual

thermal stress. The achievable temperature widely varies depending on the machine layout and capabilities. A
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postprocessing heat treatment is often required to remove the internal stresses due to thermal changes occurring in
the rapid melting and cooling. EBM process uses a focused electron beam within a vacuum chamber to melt the
powder layer. The chamber is usually kept up to 700 °C to minimize temperature gradients and reduce the
consequent residual stress within the fabricated components. These technologies can produce near net shape
components, but SLM results in more accurate components with better surface quality. On the other hand, EBM

is faster and produces components with lower residual stresses as reported by Tan et al. (2017).
Direct Energy Deposition (DED)

DED, also referred to as blown powder AM (BPAM), involves the introduction of metal powder to a heat
source, such as alaser, eectron beam or plasma arc, which melts the metal powders or wires together asthey are
deposited. According to Molitch-Hou (2018), the first application for DED dates back to 1988.

According to Sing et al. (2019), powders result in lower deposition efficiency than metal wires as only a part of
the total powder would be melted and bonded to the substrate. Like Electron beam melting, electron beam
systemsin DED require a vacuum and typically do not have high oxidation issues. On the other hand, laser DED
systems require other methods to introduce inert gases. Powder DED machines often have inert gas blown
together with the powder from the nozzles, thereby sheathing the melted region, reducing the oxidization rate.
Because of the technology’s ability to inject metal powder directly into the heat source, often attached to a 4- or
5-axis arm, DED systems are not limited to working onto aflat substrate. Instead, it is possible to print metal

onto curved surfaces, such as existing metal structures, e.g. moulds.

For thisreason, DED is often used to repair damaged parts, particularly in the aerospace industry. DED
machines are a so known for producing large components to near net shape before they are machined to their
final geometries. This technique requires the powder to flow in a dedicated hose, connecting the feedstock to the
nozzle using a different mechanism to powder bed systems. For this reason, this technique is not further detailed

inthisreview.

Besides those techniques which require a heat input to sinter or melt powders, there is also an additive
manufacturing technique that does not require any heating source, at least during the printing stage, i.e. binder
jetting (BJ). The origin of metal BJ technology dates to 1993 when the Massachusetts Institute of Technology
(MIT) developed an inkjet-based process to create three-dimensiona objects using metal powders. The process
begins by spreading a thin layer of powder, with printheads depositing binder droplets into the powder bed. The
printing plate then lowers, and another layer of powder is spread. The processisrepeated until the part is complete.
Unused powders are efficiently recycled. The as-bound component is referred to as green, a meta casting term
that refers to the relatively fragile material used for sand casting moulds. After the printing phase, curing,
debinding, and sintering steps must be provided to obtain the final component. Each phase can be dightly different
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depending on the processed material and the machine brand. For example, curing can be achieved viaambient air

exposure or with the help of thermal or UV curing.

Thisprocess, initially designed for metallic powders, was also efficiently applied to ceramic materials as described
by Chen et al. (2022), who realized samples made of aluminaviaBJ.

However, Lecis et al. (2021b) evidenced that powder packing, wettability with the binder and sinterability are
essential parameters that must be tailored to achieve desired material properties. At the same time, other authors,
such as Roberts et al. (2020), stated that BJ components typically have alow overall density in the green state and
high shrinkage and deformation after heat treatment. They also suggested that these properties can be improved
by including nanoparticles of the same material in the binder as the nanoparticles can fill the interstices and pore
throats between the bed particles.

Similarly to other AM techniques, BJ has several important parameters to tailor before obtaining proper density
values. Mostafael et al. (2021), for example, indicated binder saturation and drying time as vital parameters to

process WC-Co composites properly.

Mariani et al. (2021) used this technique to fabricate WC-12%Co samples via binder jetting, then sintered in a
low-pressure furnace at 1400 °C. The application of BJ span an extensive material range: Leciset a. (20214), for
example, processed 316L stainless. More specifically, their study showed how this new technology could
effectively produce metal parts with mechanical properties comparable with products obtained with traditional

techniques and with other additive processes (e.g. Selective Laser Mdting).

Romano et al. (2022) demonstrated that BJ can be efficiently used also to additively process materials powders
with very low laser absorbance, such as Copper. In thiswork, afine high-purity copper powder with a Dsp of 3.4

pm was used to assess the sintering process in depth.

Even though severa AM techniques are available to researchers and end-users, in this review, the authors will

focus on powder bed fusion techniques only being the most diffused.

1.2 Powdersfor AM

A fundamental ingredient of metal AM manufacturing is congtituted by the powders used in the process. Each
process requires specific powder size and powder size distributions, e.g. SLM requires fine powders, whereas a
coarse powder is suitable for EBM. According to Wang et al. (2022), different powder systemswill also lead to
different layer structures when spread over the building platform. For this reason, the main differences among the

most diffused systems are reviewed in the following paragraph.
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The quality of the final components is influenced, among other many factors, by the shape of the powder, which
mainly depends on their producing routes. The most common routes for producing metal powders for additive
manufacturing include water atomization, gas atomization, plasma atomization, and plasma rotating electrode
process. As shown in Table 1, each process produces powders with different particle shapes and particle size
distributions. Thework of Wallner, (2019) showed that in the water atomization process, the molten metal flow
is broken into droplets by awater jet at high velocity and pressure, and the surface tension of the metal droplets
gives them a spherical -like shape. These powders present an irregular morphology, which can represent a severe
limitation for AM processes. Only afew works deal with powder flowability or spreadability of water atomized
(WA) powders. Hoeges et al. (2017), for example, were ableto obtain full-dense 316L samplesusing WA powders
but significantly modifying the AM process parameters. According to these authors, 316 L WA powders have a
considerably higher avalanche angle than traditional Gas Atomized (GA) ones. Nevertheless, the obtained results
proved that WA powders are still usable in SLM systems. GA powders typicaly have avalanche angles close to
38°, while WA showed 58°.

Conversely, 316L GA and WA powders may show similar behaviour when tested with the Hall and Carney cups.
The authors, indeed, noticed that no flow was possible in both systems. These results are directly inherited from
the irregul arities which characterize WA powders systems. On the other hand, spherical particles can be obtained
by using gas atomization. Sun et al. (2017) demonstrated that the molten metal flow is perturbed and disintegrated
by an inter gas jet at high pressure in the gas atomization process. The resulting particles are spherical with the
presence of satellite particles because fine particles dragged by the gas circulating in the atomizing chamber can
easily collide with the molten atomized particles. The presence of satellitesis not desirable because they decrease
powder flowability and spreadability. Plasma atomization consists of the atomization of metal wires by using
plasmatorches, followed by solidification. The advantage of plasmaatomized powdersliesin their high sphericity
without the presence of satellite particles, in the narrow particle size distribution, and the high purity of the powder,
as observed by Kassym and Perveen, (2020). The plasma rotating el ectrode process uses a plasma arc to melt a
rod that, rotating rapidly, €jects the molten metal forming spherical particles. The resulting powders possessed a
high spherical shape and anarrow particle size distribution.

On the other hand, Sehhat et al. (2022) increased powder sphericity by applying the induction plasma
spheroidization process to 304L gas atomized powders. The authors reported that dense samples obtained from
spheroidized powder have lower tensile strength but higher ductility. In addition, the authors affirmed that
mechanical properties changed due to a severe dteration of the powders during the process. Indeed, the
spheroidization process caused a strong carbon, nitrogen, and oxygen depletion, leading to a completely different
powder microstructure during the re-solidification step. Thisfact was considered the main reason for reducing the

tensile properties. Nevertheless, the process demonstrated to firmly lower the powder avalanche angle and break
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energy with respect to as-received ones. Consequently, spheroidized powders have higher flowability than the as-

received powder. This data suggests that the as-received material is more cohesive due to itslarger asperity.

According to Riener et al. (2021) flowability and spreadability of powders may change with the passing of time
depending on storage conditions. The authors underlined that powder, which was stored under humid conditions,
resultsin alower part density and lower mechanical strength. This deterioration in processability can be reversed

by drying the powder in a vacuum drying oven before the SLM process.

Table 1 — Main characteristics of metal powder produces by gas atomization, water atomization, and plasma atomization process (Dawes
et a. (2015); Kassym and Perveen, (2020).

Manufacturing process Particle size Particle shape Metals
Water atomization 0-500 pm; wide particle size Irregular shape Ni, Co, Fe,
distribution Presence of satellite Ti, Al
particles
Gas atomization 0-500 pum; wide particle size Spherical shape Non-reactive
distribution Presence of satellite
particles
Plasma atomization 0 - 200 pum; narrow particle size Higly spherical shape Ti
distribution
Plasma rotating 0—100 um Higly spherical shape Ti
electrode process

A complete and fruitful characterization of powder to be used in AM process remains a significant challenge
because of the complexity of granular systems and their behaviour, see Figure 2, although some examples
concerning numerous critical raw materials (CRM) can be found in the work of Popov et a. (2021). Some
characterigtics are intrinsic of the granular system, i.e. size, morphology, surface/bulk chemistry, and density, and
are usually easily assessable. On the other hand, L eturia et al. (2014) demonstrated that the ensembl e behaviour
not only depends on the physical/chemical characteristics of the powder but also on the external conditions or

processing environment, e.g. temperature, humidity, forces applied.

The characterization of metal powders is a fundamental aspect as their behaviour influences the quality of the
powder spread layer and, in turn, of the printed component. Researchers, such as Spierings et al. (2016), and

practitioners usually assess the following characteristics of the powder:

1. Physical, chemical, optical, and thermal properties
2. Ability to form dense packings
3. Ability to easily flow during the spreading process
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Figure 2 - Ishikawa diagram with influencing parameters for metal powders Spierings et a. (2016)

For example in the work of Kirchner et al. (2016) the physical properties of different powder for AM
application are compared against each others. The authors states that the particle size distribution and
morphology determine the powder flowahility and packing density. As a consequence, these quantities control the
powder's processability. Among all the observable effects when powders are changed, we can mention the feeding
behaviour, the powder bed density and uniformity, or the roughness of the raked layer. These physical variables
will affect the printing process parameters, which will be tailored accordingly. For example, finer powders will
lead to a lower surface roughness of the samples but lower flowability. Another example comes from the
comparison of powders for LPBF and EBM applications. Generally, powders for EBM applications have a larger
particle size distribution. Consequently, flowability, apparent and tap density are higher than the SLM powders.
Anyway, each system behaves differently and should be carefully anayzed and compared with values coming

from literature.
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2. Powder spreading

The spreading of powdersisafundamental stepin AM and consists of distributing the powder over alarge surface
using ablade or aroller to form athin layer before supplying radiant heat able to sinter or melt the layer in specific
locations. Powder spreading represents a significant bottleneck in the AM based on powder beds because it
strongly determines the quality of the final products.

Since early studies of AM, the spreading of powders has been seen as a fundamental issue in order to obtain
metallic parts with good mechanical properties. Van der Schueren and Kruth, (1995) focused their attention
on three different approaches for spreading the powders based on the use of a blade, a counter rolling cylinder,
and, finally, a dot-feed system. They concluded that, contrary to the slot-feed system, both blade and counter
rolling cylinder do not require high flow rates of the powder, although high flow ratesresult in more accurate layer
deposition. The dimensional control in the vertical direction was investigated by Lee et al. (1995). They
developed amodel for layer displacement based on powder compressibility and applied load and point out as the
results were highly dependent on the materials and particle shape.

It should be pointed out that only in recent years, powders spreadability has started to be studied systematically,
using both experiments and simulations. The study of the spreading dynamic has been studied experimentally by
the use of visual approaches able to capture the movement of the pile powders. On the other hand, simulations

were extensively used as they are able to capture the dynamics of spreading at a smaller scale.

This section will present the basic spreading systems used in AM manufacturing and the main methods used to
investigate the problem related to powder spreading.

2.1 Powder spreading systems

Many spreading systems have been employed in AM, such as rollers, comb blades, sweep blades, and moving
hoppers. The simplest method to spread powders consists of using athin blade (or rack) that sweeps and distributes
apowder pile along with the building platform, see Figure 3a. The height of the blade gap and the velocity are the
only process parameters set in such a system. In this case, powders are subjected to shear stress, but compressive
stressisnegligible.

In the case of roller type spreaders, the rolling and diding movement determines a shear flow and, at the same
time, exerts compressive stress to the powder. As shown in see Figure 3b, acounter-rotating roller didesaong the
building platform and rotates in the opposite direction so that the flowability is enhanced by the rotation and, at
the same time, the powder is compacted under the roller gap. The main process parameters are the roller gap, its
geometry, and itslinear and rotational velocity. In the case of forward-rotating rollers (Figure 3c), the compression

due to the roller can result in a higher packing density, but, in the case of powders with low flowability or a
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relatively high adhesion, the interaction of the roller with the surface of the layer may result in an incomplete or

non-uniform spreading or, in the worst cases, in the formation of cratersin the layer.

Blades generaly produce layers with lower quality and packing density as described in the work of Yang et al.
(2017). As Haeri, (2017) suggested, a roller produces more compact and smoother layers because of its larger
contact areathat allows agradual particle rearrangement. On the other hand, a blade produces |ess compact layers
with greater roughness because it only drags the particles in its movement and negligible compression. A blade
spreader can not be improved simply by increasing its contact area but modifying its head profile, i.e. a super-

elliptic profile as can be found in thework of Haeri, (2017).

As shown in Figure 3d, a different strategy for spreading powders consists of using a blade and forward-rotating
roller simultaneously, although, to our best knowledge, this strategy is not commonly used inthe AM. This system
might be able to compensate for the lack of compaction dueto the use of a blade by using aforward-rotating roller,

which in this case could act mainly to compact the powders and not to spread them.

b]’.-r--»\\

S .fﬁl-..-'_ L E o l'. .

Figure 3. Schematic of AM spreading systems: @) blade, b) counter-rotating roller, c) forward-rotating roller, d) combination of ablade
and aforward-rotating roller.

The fundamental AM spreading parameters are the type of spreader, the spreading speed and eventually roller
rotation, and the gap height. It is reported that the typical spreading speed of blade spreadersis up to 150 mnv/s,
whereas, in the case of the roller, the trandational velocity isin the range of 5-130 mnv/s, and its rotation speed
between 250-350 mm/s as suggested by Oropeza et al. (2021). Although it would be desirable to conduct the
spreading as fast as possible to increase productivity, the limitation on the quality of the spread layer imposes a
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compromise. The gap height used in the AM equipment is related to the category of AM technology used. As
shown in Table 2, the use of laser as a heating source limits the layer thickness to approximately 20 and 100 pm,
wheresas electron beam can be used to thicker layers from 50 to 200 um. Of course, the use of different AM

technology requires different metals and powders with different size distribution.

In addition, authors like Wang et al. (2021) performed discrete element method (DEM) simulations to show
differences among spreader geometries. The authors, for example, stated that round and inclined surfaces of blade
spreaders allow more particles in the compact region to be deposited compared with vertical blades; thus, the
powder layer formed is denser. Furthermore, roller systems have the largest particle motion conflict; thus, powder
layers formed are sparse and inhomogeneous with small layer gaps. Finaly, they also highlighted that size

segregation in blade systemsis not as severe asin roller systems.

Similarly, also M ussatto et al. (2020) investigated the combined effect of powder morphology, spreading velocity
and layer thickness on the powder bed topography uniformity. The authors evidenced that particles sphericity and
surface texture influence how much the spreader velocity and the layer thickness may alter the quality of powder
bed layers. Secondly, the spreader velocity always impacted the powder bed uniformity, and better uniformity is
achieved with spreading velocities < 80 mm/s.

Phua et al. (2021) used the Discrete Element Method to assess the recoater geometry and speed effects. More
specificaly, they compared a toothed and a solid rake noticing that recoater velocity strongly impacts the degree
of particle circulation and size segregation. Furthermore, particle circul ation was enhanced by the toothed recoater,

while solid recoater caused more size segregation.
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Table 2 - AM technologies used in processing metal powders.

Category Process Heat source/ Raw materials (metals) Powder size Layer thickness | Ref.
temperature distribution (approx.)
(approx.)
Sdective | high-intensity .
aser laser / above I_ron-_b&d (316L,_ 420, M2)_, titanium _an_d Boeta.
Melting melting point titanium based (Ti6Al4V, TiAl), auminium- (2020;
(SLM) based (AISi, AICu, AlZn), nickel-based (Inconel 10-50 20— 100 um Chinetd.
Selective high-intensity 625, 718), copper, niobium, tantalum, bio- Hm H (2020;
Laser laser / below material metals—polymers and metals-ceramics Tiwari et
Po Sintering . ; combinations al. (2015)
wder- (SLS) melting point
bed fusion -
Chineta.
Electron . . ! (2020,
Beam Electron Begm Ti grade 2_, Ti 6AI4\_/, Incon_el 718, CoCrMo; Gokuldoss
Mdlting / above melting | alloys having volatile congtituents, e.g. Zn, Mg, 40— 100 pm 50— 200 pm etal.
(EBM) point Pb, Bi, are not advisable. (2017;
Sames et
al. (2016)
Titanium alloy (Ti-22AI-23Nb, Ti-6Al-4V, Ti- Chineta
Powder 6.5AI-3.5M0-1.5Zr-0.3S), Ti-5Al-5M0-4V-1Cr- (2020; '
Directed directed Laser, arc or e- 1Fe), Steel (10V, 15-5 PH, 410, AlSI Saboo,ri o
energy energy beam / above 309Aremet 10, A2, MM10), Nickel based 20-200 pm 200-800 pm al. (2017:
deposition deposition melting point superalloy (CM SX-3, Haynes188, Haynes230, Sém&e et’
IN600, IN690, IN713, Rene 142, Rene N5), dl. (2016)
Aluminum alloy (CP Al, 6061, (2024) )

2.2 Testing tools

A standard method for measuring the spreadability of powdersin AM processis not currently available. However,
many researchers are proposing both tests in situ and ex-situ. Whereas in situ tests are performed directly in the
processing apparatus, ex-situ tests use novel tools specifically designed to analyze the behaviour of powders during

their spreading and quantify the quality of the powder layer generated.

Cordova et al. (2020a) have designed two applicator tools that imitate the shape and the movement of a wire
blade presented in a typical AM apparatus. The first tool is called open applicator and consists of a blade that
dlides over a stripe; as the blade dides over a metal strip, the powers flow in the gap fixed to 100 um and are
deposited, forming alayer (Figure 4a). The second tool is called funnel applicator because the applicator consists
of ablade raised 100 um over a metal strip and an oblique wall in contact with the strip forming a sort of funnel
where the powder flows through before being deposited (Figure 4b). The test consists of weighting and charging
an appropriate volume of powder and then moving the applicator at a constant speed of about 200 mm/s (the
authors moved the blade manually). The powder spreadability was judged by visual inspection of the layer and
measured in terms of relative density. The authors suggested the use of the open applicator because it provides
conditions more similar to those occurring during the spreading in the processing apparatus and gives results with

asmaller deviation than the funnel applicator.

12
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Figure 4. Applicator tools designed by NLR. C) open tool, d) funnel tool, €) Powder flowing

through the 100 pwm aperture of open and/or funnel tool adapted from Cordova et al. (2020b).

As shown in Figure 5, an automated test machine was built modifying a commercial thin-film applicator with an
adjustable height blade that emulates the spreading process in AM equipment according to the works done by
Hulme-Smith et al. (2021) and Médllin et al. (2021)
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Figure 5 - Automatic powder applicator developed modifying acommercial thin-film applicator and placed in climate chamber Hulme-
Smith et al. (2021; Méllin et al. (2021).

A more sophisticated modular powder spreading testbed was designed and fabricated by Oropeza et al. (2021)
to be used for assessing and testing powder spreadability (Figure 6). The testbed is able to perform multi-layer
spreading, uses aroller or blade spreader, has a spreading speed in the range of 0 — 100 mm/s, and a rotation
velocity from 0 to 300 rpm, which are the typical range used in AM manufacturing. The use of such an automated
testbed can facilitate a systematic study of spreadability because each test requires a small amount of powder.
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Figure 6 - Mechanized powder spreading testbed devel oped by Oropezaet a. Oropezaet a. (2021)

Lefebvreet d. (2019) evaluated the spreadability using a Hegman gauge (gauge in the range 0 — 100 um). It should
be pointed out that the Hegman gauge is used to check fineness or the presence of coarse particles in a liquid
dispersion, and used in that case to assess powder spreadability. The measurement can assess qualitatively the
spreadability by comparing the quality of the spread layer of different samples (Figure 7).

Figure 7 - Spreadability measured by using Hegman gauge (0-100 um) (Lefebvre et al. (2019).

In recent years, Chen et al. (2017) attempted to experimentally capture the dynamics of powder spreading in
the additive manufacturing conditions was made by using a visible light camera to measure the dynamic repose
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angle (DRA) obtained by moving a powder pile with a blade similar to those used in the manufacturing process.
The camera was able to capture the evolution of the angle of repose of the powder pile. The authors showed that,
whereas the pile size diminished during spreading, the repose angle remained stable. Powders with small DRA
showed better continuity and stability of flow under the blade gap. Conversely, Escano et al. (2018) used high-
speed x-ray imaging was also used to investigate the evolution of the dynamic repose angle during spreading.
Moreover, they were able to visualize the evolution of the surface roughness profile of the powder pile during the
spreading process and the formation of powder clusters due to van der Waals cohesion forces or induced by
jamming. The formation of these agglomerates can induce irregularities in the shape of the final layer, such asthe
formation of craters and voids (Figure 8).

Figure 8 - Dynamic evolution of powder clusters tracked on the surface of the slope during the spreading of 316 L stainless steel powder
captures using high-speed x-ray imaging method Escano et al. (2018).
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2.3 Numerical methods

Theinvestigation of powder spreading has involved the synergic use of both experiments and simulations. On the
one hand, experiments suffer difficultiesin acomplete characterization of the powders and some lack of replication
due to batch-to-batch variability of the feedstock or the non-perfect control of the process conditions. On the other
hand, simulations present some limitations, such astherelatively small system size and short simulation times, but

also a non-perfect correspondence between the simulated and the real system.

Except for the work of Shanjani and Toyserkani, (2008), there are not many examples of using a continuous
approach to describe the spreading of powders. They modeled the powder spreading and compaction due to a
counter-rotating roller using the assumption of continuum mechanics. The model considered the process of powder
spreading similar to the case of alaminar flow of aviscous liquid, where the interaction between the roller and the
powder is modeled through a coefficient of friction, and the powder is considered a compressible medium with

non-constant density.

On the other hand, the discrete element method (DEM) has been the preferred method for investigating the
dynamics of the powder spreading. DEM is a numerical technique proposed by Cundall and Strack, (1979) for
describing the dynamics of particulate systems, where the continuity assumption fails to describe such systems.
DEM isaLagrangian method that tracks the movement of each particle and its interactions with other particles or
the boundaries. Newton's laws of motion for trand ation and rotation are applied to each particlei:

d’r;
ml-le = Z(FC.U +) + m;g
j

dw;
j

where m; isthe mass of the particle i, r; its vector position, I; the moment of inertia, w; the angular velocity, g is
the gravity acceleration vector. Those equations are integrated in time to obtain the temporal evolution of the

position, angle, trandationa velocity, and angular velocity of every particle.

The core of DEM consists of simulating particle- particle and particle- wall interactions by using contact models
that are able to calculate contact forces F.;; and torques T, ;; taking into account the position, velocity, and
properties of each particle. Usually, these models depend on some physical properties such as Y oung's modulus
and Poisson ratio, but also by the size of the particles and friction behavior. The contact forces are split into the
normal and the tangential component to the contact plane and are modeled by using linear viscoelastic models,
non- linear viscoelastic models, and hysteretic models as demonstrated by Blais et al. (2019).
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The simulation of powdersin the micron range requires the modeling of adhesive interactions. The main sources
of adhesive inter-particle force are capillary effects, electrostatic attraction, and van der Waals interactions. Li et
al. (2016) pointed out that the metal AM process often requires humidity level to be aslow as possible to enhance
the densification process, preventing the formation of oxides and hydroxides and the production of hydrogen that

can form gaseous poresin the final component.
2.3.1 Characterization of powders and model calibration

DEM parameters require to be calibrated in order to link experiments and simulations; some works from the
literature are reported in Table 3. According to Roesder et al. (2019), the calibration tests should be conducted at
the same scale and a flow regime close to the actual experiments. As a matter of fact, it isacommon practice to
scale down the simulations because of the computational costs of DEM. Moreover, Lommen et a. (2014)
suggested many other tricksin order to speed up simulations, such asreducing particle stiffnessin order to decrease
the simulation timestep. The calibration of a parameter can be performed by directly measuring the single property
at particle or contact level, such as in the case of particle size, size distribution, and shape. On the other hand,
contact parameters are preferably determined using a reverse calibration process, in which the parameters are
found indirectly from bulk measurements as found in the work of Coetzee, (2017). The calibration can be
achieved by using a "trial and error" approach, in which the simulation is repeated with different values of the
parameters until a satisfactory match with the experimental results is obtained. In a recent paper, Richter et al.
(2020) have successfully exploited optimization algorithms and data regression from a design of experiment to

tune the DEM parameters. In some cases, previous data from literature are taken as reference values.

A common calibration procedure consists of comparing AOR observed experimentally, and the one obtained
varying DEM parameters until agood match between experiment and simulation isreached. Whereastraditionaly,
DEM simulations try to emulate the flowing of powders from a funnel or a hopper according to the ASTM
Flowmeter test. Geer et a. (2018) developed an alternative method, called “cloud method,” which consisted in
generating conical heap from the falling under the gravity of a non-contacting cloud of particles. Meier et al.
(2019b) used AOR to calibrate the surface energy of metal powders and noted that cohesion influence more the
resulting AOR than other DEM parameters, such as stiffness, friction coefficient or the coefficient of restitution.
Desai et al. (2019) proposed a complex calibration procedure that started over the calibration of friction
coefficients using two consecutive AOR virtua experiments and simulations of a virtual rheometer against real

tests. Some of these methods are summarized in Table 3.
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Table 3 — Calibration method used for powders used in AM.

Authors Material Particles Calibration method
Type Polydispersity Cohesion Experimental Simulation
Geer et d. (2018 Gas atomized Spherical 20— 75 um no AOR obtained from the AOR obtained from the
Geer et al. (2018) | stainless steel flow through afixed flow through afixed,
(17-4S9) funnel down-scaled funnel and
powder from clouds of powders
Meier et a, (2019 | Ti-6Al-4V Spherical 20— 160 pm yes AOR obtained from the AOR obtained from the
Meier et al. flow through a fixed flow through afixed,
(2019b) funnel down-scaled funnel
Desai et a. (2019 | Ti-6Al-4V Spherical Monosized 250 | no AOR + powder AOR + powder
Desai et a. (2019) um rheometer rheometer
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2.3.2 Smulation of the spreading process

The spreading process has been widely explored by using DEM simulations; a comprehensive list is presented in

Table 4.
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Table 4 — Simulation studies of powder spreading.

Authors Powders Spreader Variables studied Metrics
Mindt et a. (2016 Spherical, polydisperse (15 — 70 um), Flat spreader Gap thickness Bed particle fraction,
non-cohesive, Ti-6Al-4V particles
Haeri et a. (2016 Rods (overlapping multi-sphere Roller spreader, Particle shape, gap thickness, | Particle shape segregation,
method), polydisperse, non-cohesive, flat spreader roller velocity, blade velocity | bed particle fraction,
polyether ether ketone (PEEK) particles surface roughness,
probability density function
(PDF) for the spatial
distribution of orientation
Parteli and Poschel, Non-spherical (overlapping multi- Roller spreader Roller velocity Gap thickness
(2016) sphere method), polydisperse (30 — 100
pm) cohesive, Polymer PA12
Chenet a. Chen et Spherical, polydisperse (9-140 um), Flat spreader Cohesion, sliding and rolling | Massflow rate, dynamic
a. (2017) cohesive, 316L powder friction, particle size, blade repose angle
height, and velocity
Gunasegaram et al. Elliptical, polydisperse (37 -183 pm), Flat spreader
(2017) non-cohesive, Ti-6Al-4V particles
Haeri, (2017) Rods and irregular (overlapping multi- Fromflat to Blade velocity, design of Bed particle fraction,
sphere method), polydisperse, non- rounded spreaders | blade profile surface roughness
cohesive, polyether ether ketone
(PEEK) particles
Nam et a. (2018) Non-spherical (overlapping multi- Flat spreader Gap thickness Particle fraction, Frequency
(Nan et a., 2018) sphere method), polydisperse (15 — 55 of empty patches,
pm) cohesive, gas-atomized 316 L Frequency distribution of
stainless stedl particles jamming
Chen et a. (2019) Spherical, polydisperse (5 — 80 um), Flat spreader Particle size, polydispersity, Bed packing fraction,
AlSI 316L stainless steel powder the effect of the wall, powder flow, percolation
cohesion energy
Meier et al. (2019) Spherical, polydispersed (20 - 44 pm), Flat spreader Gap thickness, cohesion Surface profile, bed
cohesive, titanium alloy (Ti-6Al-4V) energy packing fraction
particles
Nam and Ghadiri, Non-spherical (overlapping multi- Flat spreader Gap thickness, blade velocity | Massflow rate through the
(2019) sphere method), polydisperse (15 - 55 gap, Shear band
pm) cohesive, gas-atomized 316 L
stainless steel particles
Gu et al. (2019) Spherical, polydispersed, cohesive, Flat spreader Effect of powder bed on
WCl/Inconel 718 composite powders thermodynamics and laser
processability
Maet al. (2020) Spherical, polydispersed, cohesive Flat spreader Presence of finefraction Packing fraction,
powder coordination number,
surface roughness
Fouda and Bayly, Spherical, mono-sized (50 pm), non- Flat spreader Gap thickness, blade velocity | Bed packing fraction
(2020) cohesive titanium alloy (Ti-6Al-4V)

particles

Chen et dl. (2020)

Spherical, polydisperse (5 - 80 um),

Counter-rolling

Gap thickness, blade velocity

Mass flow rate through the

cohesive, 316 L stainless steel powder spreader gap, normal stress on bed,
surface profile, bed packing
fraction
He et al. (2020) Spherical, mono-sized (50 um), Flat spreader Packing density, surface

cohesive, plasma atomised Ti-6Al-4V
particles

roughness, density pore,
chamber pore

Nam et al. (2020)

Non-spherical (overlapping multi-

Counter-rolling

Roller rotational speed, gap

Particle segregation, mass

sphere method), polydisperse (15— 55 spreader thickness flow rate of particles
pm) cohesive, gas-atomised 316 L through the gap, normalised
stainless sted particles spread particle volume
Leeet a. (2020) Spherical, polydisperse (30 -100 pum), Flat spreader Number of layers, spreader Height of the layer,
cohesive, Co-Cr powder velocity, dynamic AOR, packing
density, particle size
digtribution
Wang et a. (2020) Spherical, polydisperse (30 -90 pum), Roller spreader, Cohesiveness, particle size Packing fraction, surface
cohesive, Hastelloy X (HX) powder flat spreader digtribution, roughness, properties along
spreading direction
Yao et al. (2021) Spherical, monosizes (34.8, 100, 123.2, | Flat spreader Particle size, sprading Packing density and its

Yao et al. (2020)

169.4 um), cohesive, 316 L stainless
steel powder

velocity, gap heigh, blade
angle

evolution, pore size,
particle velocity
digtribution,
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2.3.3 Surrogates and machine learning

The development of surrogates and digital twinsis amagjor trend in research and industrial environment in order
to increase process understanding, quantify uncertainty, increase reliability and safety, and, finally, manage
product quality. Surrogates and digital twins aim to replicate a manufacturing process, or a part of it, by training
machine learning algorithms with data produced by testing data, literature data, and simulation results (Figure 9).
Mukherjee and DebRoy, (2019) suggested this approach because it can be beneficia also to the additive
manufacturing process to overcome the problem of process replicability due to the complexity of the processitself

and the variability of the process variables.
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Figure 9 — Schematic representation of the digital twin Mukherjee and DebRoy, (2019).

A three-step approach was proposed by Desai and Higgs, (2019) to produce maps correlating roller trand ational
and rotational speed to some spreadability metrics, such as spread throughput, porosity, and layer roughness. The
first step consisted in the characterization of powders using a powder rheometer and calibrate DEM powder
characteristics against those data. The second step consisted in generating an appropriate design of simulations
having as parameters roller trandational and rotational speed, performing DEM simulations, and compare their
outcome with experimental data. The third step consisted of training a Back Propagation Neural Network (BP-
NN) and using it as a surrogate model to create maps that correlate spreader speeds and spread layer properties.
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For the sake of easiness, a summary of the techniques mentioned above with relative pros and consis given below

inTable5:

Table 5 list of in-situ, ex-situ and simulation techniques to determine powder spreadability.

Name

Pros

Cons

Open applicator

Imitate real AM equipment

requires a visual inspection of the
layer

Funnel Applicator

Measures powder spreadability

Higher deviation

Modular powder
spreading

Totally automated requires only
a little powder

Hegman gauge

Fast measurement of
spreadability

only qualitatively results are achieved

Visible light Camera

Measures the dynamic repose
angle of powders

Only a limited amount of information
can be obtained

X-ray imaging

Higher resolution, capable of
identifying cluster formation

Continuous approach

Evaluates powder behaviour
based on fluid dynamic Models

Old equations. Not very widespread
among researchers and end-users

Discrete approach

simulation of powder-powder
interactions

requires a calibration process, high
computing power demanding

Al/digital twins

Highly customizable

requires a calibration process, high
computing power demanding
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3. Powder spreading dynamics

Powder spreading is a complex and articul ate process that can be divided into different subprocesses mutually

interacting:

1. Avaanching flow due to the horizontal movement of a powder pile imposed by a blade or a roller and
convection/circul ation of powders within the moving pile;
Shear flow in the front and under the gap between the rake and baseplate and in front of the blade;

3. Theinertia of the particles that continue to move after being deposited on the substrate.

A genera picture of the main problems encountering in the spreading process is shown in Figure 10. If the gap
height is not high enough, particles cannot flow through it, impeding the spreading of the powder. A further
phenomenon that is usually encountered in the powder spreading isrelated to the powder size or shape segregation,
which means that the particle size/shape distribution within the powder bed differs from the origina distribution.
Furthermore, the interaction between powder and blade can lead to jamming, resulting in non-uniformity of the

powder layer and, in the worst case, in empty patches.

al

0
e *m'ﬁ

Figure 10 — Schematic of the main problem encountering in powder spreading: @) missing spreading due to small gap size, b) powder
size/shape segregation, and c) formation of empty patches due to jamming.
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3.1 Blade vs. roller spreader

During spreading, the powder pile moves with the blade/roller and, asthe powders are spread into layers, gradually
decreases its height. The stress increases with the depth from the dope surface to the bottom, but it drops greatly
in the region close to the gap, called the stress-dip region as mentioned in the work of Chen et al. (2019). As
shown in Figure 11, the powder pile can be divided into three main regions according to the velocity field. While
the mgjority of the powder moves with the rake (relative velocity equal to 0), the front region moves similarly to
an avalanche, and the bottom region flows out from the gap between the plate and the rake head. The behavior of
the front region is strongly connected only with the powder flowability and not with the powder density of the
powder layer. It has been reported that the dynamic angle of reposeis not affected by the height of the gap nor by
the blade speed as previously described by the same author Chen et al. (2017).

On the other hand, the stress-dip region has a substantial impact on the powder deposition. Chen et al. (2019)
showed that the stress and the mass flow rate in this region directly determine the packing density of the powder
layer, whereas the magnitude of their fluctuations determines its uniformity.

Figure 11. Velocity field of the powder pile Chen et al. (2019).

The effect of blade shearing is exerted on the particles in front of the blade, in a region that is extended in the
vertical direction between the baseplate and a height slightly higher than the gap height. As shown in Figure 12a,
particle velocity is maximum close to the edges of the blade and minimum close to the baseplate, and its profile
follows a universal curve having the sigmoidal shape of a Gauss error function as found in the work of Nan and
Ghadiri, (2019). The particles having a velocity lower than the velocity of the blade moves through the gap, are
deposited, and forms the powder layer. Furthermore, Haeri et al. (2016) explained that in their flowing under the
gap, particles are dragged forward because of the contact with the edges of the blade. Nonetheless, Nan et al.
(2018) showed the presence of ajump in particle velocity across the front edge of the blade that is reduced only
by rising enough the height of the blade; this behavior is described in Figure 12b,.
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Figure 12 - Variation of particle velocity with H in the region "before blade" for different gaps Nan et a. (2018).

The mass flow rate through the gap increases linearly as the blade speed increases until a critical blade speed is
reached and the mass flow rate approaches an asymptotic value, which represents the maximum spreading
throughput obtainable using a certain gap height. Whereas the asymptotic value depends on the gap height, the
critical velocity appears to be independent of the gap height. This effect has been explained by comparing the
gravity inertial timescale, which representsthe characteristic falling time of a particle during the spreading process
because of the gravity, and the spreading inertia timescale, representing the characteristicstime for abladeto pass
over a particle at rest. At low blade velocity, the spreading inertial timescale is longer than the gravity inertial
timescale, and, consequently, particles have timeto fall and pass through the gap. On the other hand, at very high
blade speed, when the spreading inertial timescale is much shorter than the gravity inertial timescale, particles
cannot reach the gap sufficiently faster, limiting the mass flow rate. The critical velocity is around 5(gDgg)%>,

where Dq, is by number asfound in Nan and Ghadiri, (2019) work.

Different from the blade, Nan et a. (2020) observed that a roller spreader can trandate horizontally and rotate.
When theroller does not rotate, the particle velocity field isnot dissimilar to the case of ablade, whereas a stronger
particle circulation and convection can be noted when the rotation is applied to the roller. In that case, the roller
acts as a mixer that moves particles from the bottom to the free surface of the heap and, finally, to the bottom
again. Moreover, particlesgeneraly not only have larger velocities when the roller system is used, but the forces
among particles are more uniformly distributed, enhancing particle rearrangement within the powder bed (Figure
13). Asaresult, according to Wang et al. (2020) work, the roller spreader seems to produce a smoother powder
layer with a higher packing fraction than those obtained with the blade. Finally, as shown by Lee et al. (2019),
the coordination number in the powder increases from 2.5 to 4 because the roller compresses the particle during

the spreading process.
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Figure 13 — Velocity vectorsin the case of (a) blade and (b) roller spreader. Normal force chainsin the case of (c) blade and (d) roller
spreader Nan et al. (2020).

3.2 Wall effect and jamming

The presence of the rake and baseplate constraints the particle flow within a small enclosure and induces the
presence of voids and discontinuity in the final powder layers. As shown in Figure 14, two mechanisms due to the
presence of the spreader rake were identified, i.e. (a) the static wall effect and (b) formation of force-arches and

jamming.

ia) () et ¥
Biade Blade
i "“x_
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Figure 14 — Schematic illustration of a) wall effect and b) jamming due to force arch Y ao et a. (2020).

The static wall effect refersto the reduction of packing fraction generated by vacant sitesin the packing due to the
presence of walls. Infact, the voids between particles and walls are larger than those between particles. This effect
isthetypical effect encountering when a discrete medium is confined in a container, and its effect is enhanced as
much the characteristic dimension of the container becomes comparable to the dimension of the discrete medium.
This effect is particularly important in the spreading process because the gap height is comparable to the powder
size. Karapatis et al. (1999) provided an analytical expression to estimate the porosity related to the wall effect
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d,,.; compared to the total porosity @qq:a1, @suming an orthorhombic arrangement of monodisperse particles

(with adiameter d) in acylinder (with adiameter D and aheight H):

Pyar ¢ (7+D)
Protal 08+ 4 (% + %)

According to Chen et al. (2019), the static wall effect is negligible if the dimension of the gap is several orders of

magnitude bigger than particle size, as %—@ for D > d, but it is relevant otherwise, i.e.

total Piotal

[}
wall N

1/ (0.8% + 1). The increase of gap height decreases the importance of the static wall effect.

The second effect is related to the movement of the wall and refers to the random formation of force-arches and
transient jamming close to the rake, which produces afurther reduction section of the passage of the powders. The
formation and breakage of these force aches enhances the fluctuation of stress and particle flow and, finaly,
determine inhomogeneity in the powder layer and empty patches as can be found in Chen et a. (2019); but dsoin
the work of Yao et a. (2020). Transient jamming of particles before the blade is a dynamic phenomenon that
consists of the formation and breakage of arches, and its survival time is about 10“s. The frequency of the
jamming phenomena is correlated to the survival time of the jamming events so that the shorter jamming is
observed more frequently. Moreover, Nan et a. (2018) noted that the increase of gap height decreases the

frequency and the survival time of the jamming events, resulting in more uniform powder spreading.

3.3 Cohesion

It iswell known that fine particles exhibit cohesive behavior. Cohesive granular Bond number defined astheratio
of adhesive to gravity forces, Bo, = F;/mg, can be used to distinguish cohesive powders (Bog, > 1), from
cohesionless powders (Bo, < 1). Castellanos, (2005) described the adhesive inter-particle forces which arise from
capillary effects, electrostatic attraction, and van der Waals interactions. Cohesive interparticle forces become
increasingly relevant compared to gravitational force as particle size decreases as described by Parteli et a. (2014).
When the powder humidity level is kept at alow level or remove by vacuum-drying before use, liquid bridges
between particles can be considered absent and, consequently, capillary force negligible as found in literature
works astheoneof Li et a. (2016). Moreover, Meier et a. (2019b), who focused on conductive powders with a

diameter below 100 um, states that electrostatic forces are orders of magnitude lower than van der Waals forces.

DEM simulations have shown the connection between the fluidity of powders through the blade gap while
spreading, Bond number Bo, and particle size. Bond number Boy is inversely proportional to the square of the

particle size, and a decrease of particle diameter below ~100 pum leads to a sharp increase of Bo, much above 1.
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As Boy increasesin the range 0 — 3, and particle size decreases until ~ 40 pm, the fluidity of powder increased as
well, and the decreasing of particle size can be considered beneficial to powder fluidity. Contrary, further increases
of Bo, above 3 and a decrease of particle size below ~ 40 um decreased powder fluidity, causes powder
agglomeration and reduces the packing density because of the predominance of van del Waal forces as described
in the works of Chen et al. (2019), (2017). Cohesiveness can play a double role depending on the magnitude of
cohesive forces. In fact, as cohesiveness increases, small particles tend to adhere to larger particles resultingin a
more homogeneous layer. In contrast, Wang et al. (2020) noticed that the homogeneity decreases if the cohesive
forces exceed a large value because of the difficulties of particles in rearranging themselves under the action of
the spreading system. The effect of powder cohesiveness on the quality of powder layersis shown in Figure 15.

Ma et al. (2020) have proposed a simplified expression for the flowability in terms of energy ratio, defined asthe
ratio of potential energy associated with van der Waals forces and potential energy associated with gravity.

According to that definition, flowability is proportional to 1/y,, and, in turn, to hR?

¢q» Where h isthe height of the

gap and R? ¢q isthe equivalent radius.
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Figure 15 — Effect of powder cohesiveness on the quality of powder layers adapted from Wang et a. (2020)

3.4 Powder segregation

Particle segregation consists of the demixing of the initial powders, leading to spatial non-homogeneity of particle
size distribution, shape or other physical properties. Among the many segregation mechanisms, sifting segregation
or percolation has been hypothesized to occur during the powder spreading. Percolation consists of the passage of
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particles through temporary voids in the powder packing and usually leads to the separation of particles by size.
This effect is enhanced in the presence of a powder with awide particle size distribution because the finer fraction
isableto movethrough the voidsformed by the coarser fraction. This effect can lead to ademixing and segregation

of the powders, with stratification of the finer fraction on the bottom and the coarser fraction on top.

As shown by Lee et al. (2020), during the movement of the blade, coarse particles are segregated to the front
surface of the moving pile and, as the spreading proceeds, the particle size distribution changes (Figure 16). The
segregation effect due to convection/circulation in the moving heap was also observed in the case of a roller
Spreader as described by Nan et al. (2020).

When percolation leads to segregation, there is no improvement of packing density nor flow rate through the gap
between the baseplate and the blade. Chen et al. (2019) also described how percolation is a detrimental
phenomenon because it could make the use of bimodal powders ineffective. It has been shown that powder
segregation has areal impact on the local packing fraction, but contradictory results were obtained concerning the
inhomogeneities along the direction of the spreading. In fact, for some studies, the finer fraction is more likely to
deposit at the beginning of the spreading process and the coarser at the end, whereases opposite results were found
by other researchers like Mufiiz-Lerma et al. (2018). In that context, the role of cohesion could have played a
major role, as the initial agglomerates might be broken by the shear strength during the spreading process and
resulting in the deposition of the finer fraction only at the end. Lee et al. (2020) also underlined that the spreader
velocity can influence segregation because an increase of the rake velocity may lead to a partial remixing of the

powders and, finally, resulting in a particle population more similar to the pristine powder.

Segregation was also observed in the case of the roller spreader, and in particular in the case of small gap height
(similar to the case of the flat blade) and high rotational speed. In fact, Nan et al. (2020) evidenced that high

rotational speed enhances particle convection and, finaly, triggers segregation mechanisms.

As aforementioned, segregation is also able to separate particles by shape. This effect has been observed with Co-
Cr-W-Mo alloy powders. Pal et al. (2021) also described how spherical particles easily percolate and were
deposited at the starting locations whereas the irregular-shaped particles were found in the ending location.
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Figure 16 — Schematic of powder spreading: ) powders are collected from the powder supply chamber and b) spread on the build
platform Pal et al. (2021).
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4. Powder spreadability

4.1 What does spreadability mean?

There is alack of knowledge and understanding concerning the spreadability of powder in AM manufacturing.
American National Standards Institute (ANSI) has put the " spreadability" asacrucia gap in AM process because
“there is no known description of spreadability or standard for how to quantitatively assess powder spreadability ”
America Makes and ANSI Additive Manufacturing Standardization, (2017). 1ISO/ASTM 52900 defines
“spreadability” as “the ability of a feedstock material to be spread out in layers that fulfill the requirements for
the AM ”. Moreover, it is reported that the draft document 1ISO/ASTM WK55610 does not explicitly include the
concept of spreadability but only of shear and dynamic flow properties and refers to the ASTM standards ASTM
D6128, D6682, D6773, and D7891 for shear cell tests and wall friction tests America Makes and ANSI Additive
Manufacturing Standardization, (2017).

Desai et a. (2019) defined spreadability as “the ease with which a powder will spread under a set of load
conditions”, in analogy to powder flowability defined as “the ease with which a powder will flow under a set of
operating conditions”. Many authors have strongly associated spreadability with flowability, although high
flowability not necessarily implies high spreadability.

The problem concerning spreadability can be resumed as the following:

1. thereisnot aunique description of spreadability;

2. thereisno standard procedure for measure powder spreadability;

3. difficultiesin correlating intrinsic powder characteristics with spreadability;
4. difficultiesin correlating standardized tests with spreadability.

A highly spreadable powder is such a powder that is able to produce powder layers having the following

characteristics:

high packing density;

layers with a smooth profile;

controllable layer thickness;

spatia uniformity of its property, i.e. absence of particle agglomerates, voids, and empty patches;
alowing high blade speed.

o~ N PE

Thedifficulties arising in understanding and defining powder spreadability and spreading quality are related to the

complexity of such a process and the numerous variables involved:

1. Feedstock characteristics: intrinsic properties (materias, size, and size distribution, shape), flowahility,

and ability to form dense packings,
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2. How conditions (spreader characteristics, spreader gap height, spreader vel ocity)

3. Environmental conditions (humidity, temperature, inert gas flow).
4.2 Spreading metrics
Various metrics have been proposed so far for characterizing the quality of the spreading:

e qualitative visual inspection in the work of Snow, (2018);

e percent of coverage as proposed by Meier et al. (2019a; Snow et a. (2019);

o rate of powder deposition by Snow et al. (2019);

e avalanching angle of the powder pile;

e average avalanching angle of the powder pile as found in the work of Snow et al. (2019);

o rate of change of the avalanching angle pile al'so by Snow et al. (2019).

e powder bed density as suggested by Cordovaet al. (2020a)

o surface profile and roughness of the layer aslargely debated in the following literature work Chen et al.
(2020); Meier et a. (2019a); Snow et al. (2019).

4.2.1 Visual inspection and percent of coverage

Whereas the purely visual inspection of the power layer formed after the spreading of the particles is only a
gualitative measure and subject to biases of the operators or judges, the use of an overhead camera and the
subsequent image analysis can be used to assess the percentage of the build plate covered by powder. The image
of the plate captured after powder spreading is binarized in order to obtain a black/white image. The percentage
of coverage is the ratio of white pixels to black pixels. The full description of the technique can be found in the
works of Hulme-Smith et al. (2021) and Snow et al. (2019). The value obtained from this measure can be an
indication of the powder spreadability, in the sense that the higher percentage of coverage indicates the higher
spreadability (Figure 17). This metric presented the advantage of being simple to measure, and its interpretation
is straightforward. Still, it is not able to give direct information on the uniformity of the powder bed density.
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Figure 17. Determination of the percentage of layer coverage by using image analysis Snow et a. (2019).
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4.2.2 Metrics based on the dynamic avalanching angle test

An applicator tool that imitates the conditions of powder spreading in AM equipment can be used as a dynamic
avalanche angletest. The applicator can be coupled with asimple visible camera as done by Chen et al. (2017), a
digital microscope as in the work of Snow et a. (2019), or a high-speed, high-energy X-ray imaging system as
proposed by Escano et al. (2018). The first metric that can be identified in such atest isthe deposition rate of the
powder. As shown in Figure 18, from the images captured during the test, it can be possible to measure the cross-

sectional area of the powder pile A and itsrate of change dA/dt, and finally, the deposition rate as follows:

_ dA
m = ‘DaLE

where p,, is the apparent density determined by ASTM M212, and L is the width of the metal plate. It should be
noted that it is not guaranteed that the apparent density as measured by ASTM M 212 corresponds to the apparent
density achieved in the powder bed.

Further metrics consisted in measuring the avalanching angle of the powder pile 6 (or the time-averaged
avalanching angle 0) and its rate of change d6@/dt. Those metrics refer to typical variables connected to powder
flowability. The powders having high 8, d6 /dt and 6 are considered high flowabl e powders and result in a powder
bed uniformly spread in a thin layer. Contrary, high 6, d6/dt and 6 are related to powder that exhibited
avalanching behavior and poor flowability and, finally resulting in low plate coverage as demonstrated by Snow
et al. (2019).

Figure 18 - Avalanching video taken from the digital microscope Snow et a. (2019).
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4.2.3 Powder bed density

A measurement of the powder bed density can be performed capturing the metal powder from various location in

the powder bed and measuring the density asthe ratio of powder mass over the volume:

Ty

Ppp = v

Various solutions are reported in the literature to solve the problem of sampling the powder bed. Karapatis et a.
1999) performed simplified tests consisted of depositing the metal powders with ametalic ruler in a cylindrical
container, 500-1500 um depth (depending on the powder size) and having a diameter of 65 mm. Liu et a. (2011)
built by SLM a box container with an internal dimension of 30x30x30 mm and weighted the powder within that
box. Jacob et al. (2016) developed a specia container by using a morphological box, a tool to solve multi-
dimensional, non-quantifiable problems through the exclusion of illogical solutions. The container that resulted
from such an analysis was constituted of acylinder with aconical lid whose dimensional characteristicsweretaken
according to ASTM B212 (2009) standard for a density cup. Such a container can be used to sample the metal
powder from different locations on the build plate. The powder bed density can be determined by weighting the
mass of powder captured and V the volume of the cavity (determined by filling the specimen with water).

Cordova et al. (2020a) used the relative density defined as the ratio of the apparent density p,,,,, and the true
density of the materid p;,. @ a metric to determine the spreadability of powders. The apparent density was
defined as the ratio of the mass of powder needed to obtain alayer of length L and the volume of powder bed V;
V was determined from the layer length, width and thickness.

X-ray micro-computed tomography was used by Mufiiz-Lerma et al. (2018) to study the powder spread density
(Figure 19).

Spread density: 54T %

Spread density; 5165
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Figure 19 — 2D and 3D image reconstruction obtained using micro-CT scans of three different powders Mufiiz-Lermaet a. (2018).

An alternative method to measure the powder-bed density is shown Figure 20. It consists of injecting aUV -curable
polymer solution in different locations in the bed, curing the solution to bind the powder, and, finally, using 3D
nano computational tomography (3D nano-CT) to measure the density of each sample asdone by Ali et al. (2018).
A possible solution consists of 95% Bisphenol-A ethoxylated diacrylate (BAE) and 5% of the photoinitiator
Irgacure 819 (5 wt%). The most important parameter to consider is the viscosity of the solution, which should be
low enough to allow the spreading of the solution into the powder bed without changing its compaction, but also
not too low so that the solution can not bind the powder effectively. The solution can be dispersed using a
pneumatic liquid dispensing system placed at an appropriate distance from the bed. Finally, the solution can be
cured using a UV lamp and irradiate the system for less than a minute, creating a solid polymeric system that
entrapped the metal powder. The sample can be analyzed using a nano-CT scan and, consequently, its three-
dimensional structure can be reconstructed, and the powder-bed compaction density can be determined from the

ratio of the volume of particles and the total volume the region of interest (ROI) of the sample:

Y
pPB =—X 100
VROI

......

Figure 20. Powder bed density measured after the @) spreading, b) dispersion of UV -curable solution, ¢) curing the solution and d)
perform nano-CT and postprocess the data. Modified after Ali et al. (2018).

4.2.3 Surface profile and roughness of the layer

Since a powder is a discontinuous medium, it forms an irregular profile determined by the shape and the
arrangement of the single particles within the powder bed. As shown in Figure 21, the roughness of each spread
layer is aso determined by the roughness of the previous, fused/sintered layer. Usually, the surface roughnessis

associated to arithmetical mean deviation as can beread in the work of He et al. (2020):

1 l
Ra=1 [ 1e@ldx
0
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where [ isthe sampling length and z(x) isthe vertical deviation from the mean line, i.e. z(x) = hy, — h,.

Some authors, as Meer et al. (2019a), associated also the standard deviation of the profile heigh to surface
roughness in order to evaluate the spatial homogeneity of the layer profile.

POWDER LavER

Figure 21 — Illustration of surface roughness.

Whereas surface profile and roughness are easily assessable for numerical simulations as proved by Meier et al.
(2019a), many difficulties arise in the experimental investigations because powders tend to modify their
arrangement when touched or moved, compromising the reliability of measurements. Laser profilometry can be
used to measure the surface roughness in the powder layer because it can be performed in situ and avoid any
contact between the powders and the instrument. As shown in Figure 22, the advantage of this technique liesin
the ability to capture the surface profile of an extended testing zone (e.g. 64 mm?), although the resolution of the
instrument can limit the capture of the profile of very small particle (e.g. < 10 wm) as described by Chen et al.
(2020).
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Figure 22 — (a) Experimental setup and example of (b) surface morphology and (c) height profile of a powder layer obtained with laser
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4.3 Spreadability related to standardized tests

Many researchers tried to assess powder spreadability through standardized tests, such as hall flowmeters and
powder rheometers, and related them, at least qualitatively, to flowability measurements, see Table 6.

Table 6 — Summary of the standardized tests to access spreadability

Method Characterization parameter Link with spreadability

Rheometer (FT-4) Basic flow energy (BFE) Higher itsvalue, lower the spreadability because of the higher flowing
resistance Brikaet a. (2020); Clayton, (2014); Clayton et a. (2015).
Exceptions have been shown Balbaa et al. (2020).

Rheometer (FT-4) Specific energy (SE) Higher its value lower the spreadability because of the higher flowing
resistance Balbaa et al. (2020); Brikaet a. (2020); Clayton et al. (2015)

Rheometer (FT-4) Conditioned bulk density (CBD) Higher itsvalue, higher packing density Balbaa et al. (2020); Brikaet al.
(2020)

Rheometer (FT-4) Compressibility index (CI) Lower itsvalue, higher packing density Brika et al. (2020)

Rheometer (FT-4) Permeability (pressure drop, PD) Higher permeability (lower PD), higher packing density because of the
better ability to release entrapped air Brika et a. (2020)

Rheometer (FT-4) Aeration energy (AE) Lower its value, higher powder bed uniformity because of alower
tendency to agglomerate Brika et al. (2020)

Rheometer (FT-4) Cohesion coefficient (c) Lower its value, powder bed uniformity because of alower mechanical
interlocking and higher tendency to shear Brika et al. (2020)

Rotating Drum (Revolution Avalanche angle (AA) Higher its value, lower spreadability because of greater resistance to flow

powder analyzer) Kiani et a. (2020); Snow et a. (2019)

Rotating Drum (Revolution Break energy (BE) Higher its value, lower spreadability because of greater resistance to flow

powder analyzer) Kiani et a. (2020)

Rotating Drum (Revolution Avalanche energy (AE) Higher its value, lower spreadability because of greater resistance to flow

powder analyzer) Snow et al. (2019)

Rotating Drum (Revolution Avalanche average angle Higher its value, lower spreadability because of greater resistance to flow

powder analyzer) Snow et al. (2019)

Rotating Drum (Revolution Avalanche surface fractal Lower its value, better flowability with no agglomeration Sillani et al.

powder analyzer) (2019)

Hall Flowmeter Apparent/bulk density (pg) Poor connection with the lower limit of packing density in the powder
layer

Hall Flowmeter Tap density (pr) Poor connection with the upper limit of packing density in the powder
layer

Hall Flowmeter Hausner ratio (HR) Succefful spreading with no lack-of-fusion porosity if HSR < 1.25
Dobson and Starr, (2020)

Hall Flowmeter Angle of repose (AOR) Higher the AOR, higher powder cohesion and lower flowability Tan et al.
(2017). Higher the AOR, poorer the spreadability Snow et al. (2019).
AOR > 40° exhibited poor flowability for high spreading velocities

Hall Flowmeter Hall flow rate (HF) Unsuitable method: powders that were not able to flow freely through the
funnel were spread without problems Choi et al. (2017; Mitterlehner et al
(2021); powders with the same flow rate presented different spreadability
Clayton et al. (2015).

4.3.1 Hall flowmeter tests

Many tries have been done for correlating spreadability to Hall flow test asit is cheap and simple to perform. Hall
flow test can be used to measure bulk properties such as apparent/bulk p,, tapped density p, and Hausner ratio
(HR), the angle of repose (AOR), and the flow rate. However, the limitation in the use of Hall flow tests has been
largely demonstrated. In fact, Hall flowmeter measurements are affected by a number of parameters, such as
morphology, surface roughness, surface chemistry, size distribution, and environmental conditions as described
by Slotwinski and Garboczi, (2015), and produce reliable measurements only for free-flowing powders as

confirmed by Clayton, (2014). The limitation of Hall flow rate measurement has been shown by Chaoi et al.
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(2017), which were able to successfully spread two different stainless steel powder samples, where one of them
was not able to flow through the Hall flowmeter. Furthermore, Clayton et al. (2015) showed that powders having
similar AOR and HF performed differently in an AM process. On the other hand, some author s as Dobson and
Starr, (2020) and Haferkamp et al. (2020) have suggested the use of HR as an indicator to understand when
the spreading isimpeded, and the relationship between flowability, particle size, and interparticle forces.

AOR is usualy considered a reliable indicator of powder spreadability. AOR can depict various situations that
affect powder spreadability, i.e. AOR < 30° depicts high flowability, whereas AOR > 40° suggests the presence
of powder cohesion, seethework of Tan et al. (2017). As shown by Snow et al. (2019) that AOR can be used
to predict the spreading performance. They found that various spreading metrics, i.e. deposition rate, percent of
coverage and rate of change of the avalanche angle of a powder pile, have statistical dependencies on AOR, see
Figure 23.

Figure 23 — Spreading metrics as a function of AOR measurements Snow et a. (2019).

4.3.2 Rheometer/FT4 Freeman powder rheometer technique

Powder rheometers offer various tools to characterize powders flow and can provide reliable measurement of bulk

properties, such as density, compressibility, and permeability, but also concerning dynamic flow and shear
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properties, see Figure 24. Dynamic powder tests consist of determining the axial and rotational forces acting on a

rotating blade throughout the whole height of the sample.

Basic flowability energy (BFE) is the energy measured in mJ needed to the blade moving downward in order to
displace powders in a specific flow pattern and flow rate in a given volume of powder. BFE is related to the
cohesive forces and powder compressibility, and a higher value corresponds to lower powder flowability.
Researches tried to quditatively link BFE to spreadability, arguing that lower BFE values indicate a better
spreading performance as suggested by Clayton, (2014); Clayton et a. (2015). Nonetheless, there are examplesin
the literature where this measurement was not in agreement with the flowability/spreadability exhibited by the
powder asin the case of thework of Balbaa et al. (2020).

Specific Energy (SE) measures the flowability in alow-stress field and is measured similarly to BFE but with the
blade moving upwards. Similar to BFE, Clayton et al. (2015) suggested that higher specific energy was connected

to powder more resistant to the motion and, consequently, to lower spreadability.

Conditioned bulk density (CBD) is the bulk density measured with powders with no stresses applied and is
considered as an indicator of the packing tendency as mentioned by Balbaa et al. (2020) but also by Brika et
al. (2020). The compressibility index (Cl) is defined as the ratio between density after compression and
conditioned bulk density, and it is a measure of the magnitude of interparticle interactions as discussed by Brika
et al. (2020). FT4 is able to determine the permeability (pressure drop, PD) of the powder bed, calculating the
pressure drop of air passing through the bulk of the sample. The higher the powder permeability, the easier isthe
release of entrapped air, finally resulting in powder layers with higher packing fraction as documented by Brika
et al. (2020). Aeration energy (AE) is the energy to displace an aerated powder and gives an indication of the
cohesive forces and the mechanical interlocking between particles. As explained in the previous section, high
cohesion and mechanical interlocking can be detrimenta in the formation of dense and homogeneous powder
layers as descriptded in the work of Brika et al. (2020). At the same time the author shows that the cohesion
coefficient represents the shear strength at zero normal stress; alow value indicates a high tendency to move from
astatic state to adynamic flow.
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Figure 24 - Schematic diagram of the rheological test available using FT4 Powder Rheometer Wei et al. (2017).

Brika et al. (2020) proposed an index called AMS (AM suitability) to measure the overall suitability of powders
from FT4 measurements:

1
AMS=(ﬁ+CI+PD+SE+AE+BFE+C)/7

where p, is the conditioned bulk density, CI the compressibility index, PD the pressure drop, SE the specific
energy, AE the aeration energy, BFE the basic flowability energy and ¢ the cohesion coefficient; each value is
normalized among all the powders studied. According to the authors, the lower the AMS value, the higher istheir
suitability for AM manufacturing. In contrast, it is reported that the use of FT4 measurements on some spreading
metrics was unsuccessful as discussed in the work of Snow et al. (2019).

4.3.3 Rotating Drun/Revolution powder analyzer

The core of the Revolution powder analyzer consists of arotating drum coupled with adigital camerathat collects
the images of the powder during rotation and, through their analysis, is able to measure the flow properties of
powders. Sincetheinstrument measures flowability inlow-stress situations, some authorstried to correl ate specific

measurements obtained with the instrument, such as the avalanche angle, to spreadability.

o Avaanche angle (AA) is the angle obtained from a linear regression of the free powder surface at the
incipient occurrence of an avalanche.
e Break energy (BE) isthe maximum energy level of the powder before the occurrence of an avalanche and

represents the energy required by the powder to start an avalanche.
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o Avaanche energy (AE) isthe energy released by an avalanche and is calculated by the energy difference
between the energy after and before an avalanche proposed by James, (2019).

It has been found that the higher AA and BE value, the lower spreadability because of greater resistance to flow.
Although further investigations are needed, Snow et al. (2019) demonstrated that AA, BE and Avalanche average
angle are able to correlate with some spreading metrics, such as the deposition rate, percent of coverage, and rate

of change of the avalanche angle of a powder pile.
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5. Characteristics that impact spreadability

The complexity of powder spreading lies in the number of variablesinvolved in the process:

1. Feedstock materials;
2. Particle morphology, size and distribution;
3. Moaoistureinfluence and pre-treatments;

4. Blade geometry, gap thickness and vel ocity.

5.1 Feedstock materials and batch-to-batch variability

In AM community is well known that the differences between batches of feedstocks can lead to differencesin
powder spreading and, consequently, variability in the quality of final products. Testing powders using powder
rheometer has highlighted the differences between batches in terms of both basic flowability energy (BFE), which
isthe energy related to the displacement of powdersin a non-gravitational forced flow, and specific energy (SE),
which is related to the flowability of unconfined powders. In particular, it has been shown that different batches
of powders produced from the same supplier, virtualy having the same particle size distribution and resulting in
similar angles of repose, exhibited different behavior. Powders with low specific energy showed acceptable
behavior, whereas those with high specific energy caused blockages and poor deposition due to the increase of
mechanica interlocking and friction as discussed in the work of Clayton et al. (2015). Variability was also

observed for powders having similar characteristics but produced by different suppliers.

5.2 Particle size, size distribution and shape

The size and shape of particles are fundamental properties to be taken into account as they influence the powder
cohesiveness and, finally, flowability and spreadability. It is generally accepted that spherical and smooth powders
are preferred because they usually spread in a more uniform powder layer than non-spherical, irregular-shaped
powders. Brika et al. (2020) demonstrated that a batch of powders produced via gas atomization, which are less
regularly shaped, produced higher powder layer porosity than plasma atomized powders, which are more spherical.

Meier et al. (2019a) used DEM simulations to demonstrate that as particle size decreased, and in turn,
cohesiveness increased, the quality of powder layer decreased as well, showing the presence of high surface
roughness, larger cohesive particle agglomerates, less dense regions, and spatial variations of packing fraction and
height profile. Whereas alow packing fraction can be managed in the following process step by changing process
parameters accordingly, spatial variations cannot. It has been shown that 10-20 um can be considered a critical
size for powders because, although they sinter fasters, they dramatically reduce the quality of powder layers.
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The presence of satellite particles can also be a problem in the spreading process. Satellite particles increase the
interparticle friction, decrease flowability, and often cause the inconsistent spread of the powder bed. This
condition was observed both in the work of Mussatto et al. (2020) and Zhao et al. (2020).

Particle size distribution is afundamental aspect to be taken into account because it influences powder flowability
and the packing fraction of the power layers after spreading. Depending on the production route of powders, the
sieving of specific fractions, or the mixing of powders with different sizes, the powders used in AM can have a
narrow size distribution close to monodispersity or be extremely polydisperse. The mixing of multiple powders
can lead to multimodal -distributed powders, e.g. bimodal and trimodal powders. The maximum packing fraction
(or apparent relative density) of mono-sized powders is about 0.74, whereas the actual value reached in random
packing is much lower. In principle, as shown in Figure 25, Zhu et al. (2007) demonstrated that the presence of
powders having alarge ratio of radii can be beneficial to reach the higher packing fraction because finer particles

fill the voids between coarser particles.

Generally, a narrower particle size distribution provides better flowability but alower packing fraction as found
in the work of Averardi et al. (2020). Similar conclusios were found alsoin thework of Liu et al. (2011). On
the other hand, for wider distribution, if the presence of fine powdersis consistent, rheol ogical behavior is affected
negatively because of higher inter-particle friction and cohesion as discussed by Brika et al. (2020). In the same
year aso Kiani et al. (2020) found similar results. Fine powders play a contrasting role; from one hand, the
presence of fine powders can increase the packing density as they fill the voids among bigger particles, on the
other, a high amount of fine powers below 20 um can determine agglomeration phenomena and, finally, lack of
uniformity inthe final powder layers. Dobson and Starr pointed out the importance of fine particulate and showed
that a 17-4 PH stainless steel powders having the 30% (on volume basis) of fine particles (below 15 pum) was
spread successfully whereas it was not possible to spread the powder when the amount of fine particle was about
55% as demonstrated by Dobson and Starr, (2020).

Some researcherstried to established guidelines on the appropriate particle size distribution to be used in AM. The
following rule of thumb for selecting an appropriate particle size distribution was proposed by Karapatis et al.
(1999):

DSO D90
D90 < hspreader: D_ =10, —<19
10 10

which gives a constraint on the maximum size of particles with respect to the spreader clearance and on proportion
of finer and coarser fraction, i.e. 50% of the particles should be 10 times bigger than the 10% of the finer fraction
and the size ratio between the coarse and the finer fraction should be 1:20. Spierings and L evy, (2009) proposed

different requirements for spreading powders in thin layers:
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tlayer D90
—— = 1.5, — = 5, Dig>5
Do Dio 10 = oK

which indicatesthat the effective powder layer thickness should be 50% higher than the size of the coarser fraction,
the size ratio between the coarse and the finer fraction about 1:5, and the finer fraction about 7.5 times smaller

than ¢;,yer, and above 5 um to avoid powder agglomeration.

The use of bimodal powers can be beneficial to increase the packing fraction of powder layers without compromise
the flowability. Bai et al. (2015) explained that bimodal powders are usually generated by mixing powders with
different mean size and narrow size distribution; similar conclusions were proposed also by Boley et al. (2016)
When the ratio of radii of the two constituent powders is large enough, i.e. 1:7, and the volume fraction of fine
powder is about 0.2-0-4, packing density is usually higher than monomodal powders because finer particles tend

to fill the voids |eft by the coarser fraction.

Ma et al. (2020) simulated the spreading of a metal powder with a size in the range 45 — 150 um mixed with
various quantities (from 0 to 4 % in volume) of afine powder with particle size ranging between 20 and 40 pm.
As shown in Figure 26, an increase of fine fraction from 0 to about 1.5 % lead to an increase of packing fraction
and a decrease of surface roughness, whereas higher values of fine fraction result in powder layers with lower
packing fraction and higher surface roughness. Those results confirmed the experimental evidence stating that a
small amount can increase the quality of the powder layer because the smaller particles fill the voids between the
bigger ones, whereas fine particles above a certain amount create problems in the spreading because cohesive
forces become significant. Two mechanisms have been used to explain the effect of fine powders. When the fine
fraction is in the range 1.5 — 2.5 %, the packing fraction decreases because interlocking and rotational inertia
increase, whereasfor finefraction above 2.5 %, the decrease of packing fraction should be attributed to the creation

of clusters from the smaller particles under the attractive van der Waals force according to Ma et al. (2020).
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Figure 25 - The schematic of the effects from combinations of different sizes Tan et a. (2017).
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Figure 26 — @) Packing fraction and surface roughness as a function of % of fine fraction Maet al. (2020).

The effect of different powder shapes has also been investigated. Rod-shaped particles were investigated using
various aspect ratio, from 1 (spherical particles) to 2.5, showing that the increase of aspect ratio leads to lower
packing density and higher surface roughness. Similar to the case of spherical particles, the spreading of rods is
affected by the type of spreader and its velocity. It has been shown that decreasing the spreader velocity can be an
effective method for increasing packing density and decrease roughness. Moreover, Haeri et al. (2016) affirmed
that the spreading performed with aroller type spreader results in high bed quality compared to the flat blade
because of its more efficient contact dynamics due to the higher surface of contact and dynamics of a particle

flowing through the spreader gap.

A most important undesired effect due to powder segregation isthe spatial variation of powder bed properties. As
shown by Ali et al. (2018), the powder bed density decreases along the moving direction of the recoater. In fact,
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as explained in Figure 27, as the recoter moves, the finer particles are deposited first because are able to percolate
through the voids that bigger particles form during their movement. Smaller particles are able to better fill the
voids and, finally, produce layer with higher packing density. Size segregation lead a change in particle size
distribution within the moving heap and, consequently, a change of particle size distribution aong the recoater

moving direction.
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Figure 27 — Powder bed density at different locations, i.e. front (F), middle (M) and back (B) of the bed Ali et al. (2018).

5.3 Humidity

It is well known that humidity can dramatically change the flow behavior and the bulk properties of powders
because it causes the formation of liquid bridges between particles, and finally, to interparticle capillary forces as
discussed intheworks of Landi et al. (2011) and later by Ma et al. (2019). Moreover, the moisture adsorbed on

47



O©CoO~NOOOUTA,WNPE

OO UIVIVIUUIUITNUVVIUADNRNDRNDRNDRAARARNDNWWWWWWWWWWRNRNNNNNNNNNRRPRRPRRERRRERPE
ORWNPRPOOONOUTROMNRPROOONOURWNRPOOONOUIRWNRPOOO~NOURNWNROOONOURNWNERO

particles can lead to surface modifications, such as the formation of an external oxide layer as demonstrated by
Cordova et d. (2020a), that inevitably influence the interactions between particles, e.g. friction and cohesion
forces. In AM manufacturing, humidity is considered an important issue, asit can result in poor spreading quality,
poor quality of the printed components, and lead to alack of reproducibility.

As agenerd rule, Lefebvre et al. (2020) affirm that moisture adsorption and desorption depends on RH in the
environment and the surface area, but also on the nature of the material. Engel and Bourell, (2000) obser ved that
titanium alloy powers exhibit poor flowability/spreadability without a thermal pre-treatment able to reduce
moisture adsorbed over the particles. The deeper analysis on plasma atomized titanium powder presented by
Lefebvre et d. (2019) demonstrated that the moisture uptake is fast and reversible and showed that there could be
a substantial decrease of flowability with the increases of RH. As shown by Mufiz-Lerma et al. (2018), the
flowability and the apparent density of aluminum powders are affected by RH. Their results suggest that the
moisture is adsorbed easily in the presence of a high fraction of fine particles because of their high surface energy,
leading to non-uniform spreading. The effect of moisture on the spreading of Inconel 718, Ti6Al4V, AlSi10Mg,
Scalmalloy powders was analyzed by Cordova et al. (2020a). Mitterlehner et al. (2021) tested nickel-based
superalloy powders conditioned at RH 0% and 75%, showing that the humid conditioned power resulted in powder
layers with a higher amount of empty patches compared to the dried powder. Moreover, they hypothesize the

existence of an RH threshold over which powder layers cannaot be dense anymore.
5.4 Powder reuse

Powder spreadability can change in the case of the reuse of powders. The multiple reuses of powders can lead to
changesin powders morphology and, consequently, in the flowing behavior during the spreading. Cordova et al.
(2019) proposed a diagram to be used to decide the feasibility of reusing the powder in a specific application and
with a specific material, see Figure 28. In fact, literature data showed that the recyclability of powdersis not a
straightforward operation, depends on material and particle size distribution, and often lead to contradictory
results. Tang et al. (2015) showed that the multiple reuses of Ti-6Al-4V powderswith aDso in the other of 70 pm
can result in less spherical and rougher particles and, after many cycles, also to the disappearance of satellite
particles, but it has also been observed changes in the particle size distributions as suggested by Strondl et al.
(2015). Unfortunately, research groups reached contradictory conclusions on the effect of recycling on powder
flowability/spreadability. On the one hand, it has been claimed that the flowability of reused powders increased
because of the reduction of satellite particles and the lower content of moisture due to longer exposure to vacuum
as indicated by Tang et al. (2015), whereas, on the other, reused powders presented a higher amount of finer
particles after recycling and, finaly, lower flowability. A similar analysis was conducted using a nickel aloy
powder with Dsg of about 30 um and led to the conclusion that reused powders contained a larger fraction of

coarser particles because a consistent amount of the finer particlesis lost during the process. As a result of this
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shift in particle size distribution in favor of coarser fractions, used powder exhibited better flowability according
to Strondl et al. (2015). Reused Inconel 718 powders exhibited lower sphericity compared to virgin powders,
and, consequently, the powder bed presented lower apparent and tapped densities as obser ved by Chandrasekar
et al. (2020) or by Nguyen et al. (2017) in an earlier work.

Sutton et al. (2020) found that the density of the powder layer formed by AISI 304L stainless steel powders
increases as a result of recycling, and suggested that this effect is due to the increase of flowability/spreadability
in reused powder, see Figure 29. In fact, they showed that reused powder exhibited a lower avalanche angle,
avalanche energy, and higher conditioned bulk density. The authors suggested that this improvement can be
ascribed to the decrease in the number of fine particles and the increase of powder circularity. The shift of particle
size distribution towards coarser fraction and the consequent increase of packing density was also observed by
Seyda et al. (2012) for Ti-6Al-4V powders and S17-4 PH stainless steel powder by Jacob et al. (2017). As
suggested by Sutton et al. (2020), another reason for the increase of flowability/spreadability can be attributed to

the formation of oxides on metals, which might lead to a reduction of friction and surface energy.
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Figure 28 - Reusability decision diagram based on powder properties Cordova et a. (2019).
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5.5 Powder coating

Coating of metallic powders with nanoparticles can be used as a treatment to reduce the cohesion of fine particles,
increase metal powder flowability and bulk powder density. Gartner et al. (2021) demonstrated that nanoparticles
act as artificial roughness and are able to distance metal particles, decreasing the value of van der Waals forces
and, in turn, particle cohesiveness. Coating is performed by blending in various proportions dried particles and
nanoparticles, and ensures that the nanoparticles, seen as guest particles, adhere to the pristine microparticles,
which are considered as host particles. As shown in Figure 30a, the size of both the nano-sized guest particles and
the micro-sized host particles have a great influence on the overall cohesion behavior of such asystem. As shown
in Figure 30b, two main mechanisms occur during powder spreading of such particle systems, i.e. (i) the friction
and mechanical interlocking between particles, which determine the resistance to flow, and (ii) the reduction of
the contact surface, which reduce adhesion between particles and increase the flowability of powders as discussed
inthework of Fereiduni et al. (2019).
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Figure 30 — Adhesive force between host microparticles as a function of nano-sized guest particles radius and for micro-sized host particle
diameter Karg et a. (2019) Fereiduni et al. (2019).
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Dry coating is atechnique for coating powders without the use of any liquid; host and guest particles are blended
in a mixer or a mill by suppling high energy in order to produce energetic guest-host collisions, which are
responsible for the adhesion of guest nano-sized particles over the surface of the host micro-sized particles as
discussed by Sharma and Setia, (2019). In the context of AM, various systems wer e testes, i.e. Peng et al.
(2018) proposed the coating of fine Inconel 718 microparticleswith nano hydrophobic silica or nanocarbon,
Karg et al. (2013) proposed the coating of non-spherical powders of allowing close to the eutectic AlSi12,
and Karg et al. (2019) demonstrated that the addition of low weight per centage of nanoparticles could lead
to mor e homogenous spreading of powdersin thin layersand increasetherelative density of LBM samples.

Wet coating can be seen as an alternative to dry coating. Streubel et al. (2018) proposed a procedure that started
from the dispersion by ultrasonication of nano-sized powder in water, the laser-irradiation of suspension in jet

flowing, mechanical mixing with steel micro-sized powder, and, finally, drying in afurnace.

5.6 Blade geometry, gap clearance and speed

The simplest spreader in AM equipment is constituted by a flat blade. It has been reported by Chen et d. (2017)
that the quality of the powder layer decreases as the blade speed increases because the powder tends to dilate,
leading to looser flow and creating discontinuity within the layer. The decrease of the gap height triggers the
formation of force aches between particles, affecting the continuity and stability of powder flow and, finally,
resulting in low-quality spreading. Beitz et al. (2019) investigate the effect of three different blade geometries,
i.e. flat, dightly round and sharp blades, demonstrating that the flat blade leads to lower roughness and better

compaction than the other blades because of its larger horizontal contact surface.

Since the contact dynamics between aflat blade and particles is considered inefficient, some attempts have been
made in order to optimize the spreader profile and increase the effectiveness of powder spreading. The use of a
super-élliptic edge profile arises from the assumption that a gradual flattening of powders and alarger contact area
can reduce the phenomenon of particle dragging and, finaly, be beneficial to the spreading. The edge profile was
generated using the equation describing superellipse curves |y/a|™ + |z/b|™ = 1, where n isresponsible for the
shape (concave profile for 0 < n < 1, linear for n = 1, convex for 1 < n < 2, and a rectangle with rounded
corners for n > 2), a for width and b for height. It has been shown that the concave profile did not produce an
improvement in the quality of the final powder layer, whereas the linear profile can increase bed packing fraction
for wider profiles. On the other hand, the convex profiles showed the most promising results, especialy in the case
of n around 5 and wider edges. Haeri, (2017) noticed that an optimized profile allows the increase of spreading
velocity but limiting, at the same time, the loss in spreading quality.
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Generally, theroller outperforms the blade spreader in terms of the quality of the power bed at the same operating
conditions as demonstrated by Haeri et al. (2016). In the case of counter-rolling spreaders, the increase of
spreading velocity reduces the quality of the powder layer because of the increasing of the surface roughness and
the decreasing of the packing density. This effect has been explained in terms of two concurrent forces, i.e. the
friction force between the particles and the sintered/melted underlying layer and the drag force on particles from
theroller. Astheroller velocity increases, the drag force exerted on particles from the roller increases as well. At
low velocity, the drag force is compensated by the friction force and, consequently, the particles move under the
roller, rearrange themselves in a denser packing under the pressure exerted by the roller and, finaly, quickly rest
because friction opposes the tendency of powder of following the roller. On the other hand, when the drag force
islarge enough to overcome friction forces, particles do not rest immediately after they passed through the roller
gap but flow following the roller movement for a certain distance and, then, deposit on the underlying layer. In
this case, Chen et al. (2020) affirm that the powder bed shows higher surface roughness and lower packing
density.

DEM simulations, performed by Meier et al. (2019a), have shown that the quality of powder layersincreaseswith
increasing blade gap height, and the optimum value to be set as gap height is equal to two to three times the
maximal powder particle diameter. In particular, Mindt et al. (2016) observed that powder bed density increased
as the blade gap height was increased. On the other hand, Brika et al. (2020) have obtained experimentally
opposite results, as the increase of blade gap height leads to lower powder bed density.

Thevelocity of the spreader can be an important factor for increasing the productivity of AM process. On the other
hand, the choice of a high velocity should be carefully evaluated considering the consequent loss of quality of bed
packed layer and reproducibility inthat conditions. Asshown in Figure 31, the increase of spreader velocity results
in powder layers with lower density and higher surface roughness, finally reducing the quality of the powder layer
as discussed by Chen et al. (2020).
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Figure 31 — @) Relative packing density and b) surface roughness as a function of spreading speed Chen et a. (2020).

6. Impact of spreadability on printed component

6.1 Density of the printed component

Thedensity of final partsisaffected by the gap height of the recoater/blade used to spread the powders. As shown
by many authors, density decreased as the gap height increases. The decrease of density with the increase of
spreader gap heights was observed by Abd- Elghany and Bour ell, (2012), who evaluated the density of the final
layer after SLM produced using 304L stainless steel gas atomized powders and three different spreader gap
heights. In fact, the spreader can exclude from the spreading the powder fraction having a size above the gap height
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so that the smaller the gap height, the finer is the powder fraction spread. The same authors, i.e. Abd- Elghany
and Bour€ll, (2012)also mentioned that the consequential exclusion of coarser fraction can be beneficial, aslarger
particles can form voids due to shrinkage after solidifications, cracks and layer separations at grain boundaries.
Similar results were obtained with Ti-6Al-4V alloy powders as can be found in the work of Brika et al. (2020).

Ali et al. (2018) evaluated the differencesin the density of printed components along the bed. As shownin Figure
32, density dightly decreases along the recoater moving direction, showing differences of about 0.25%. This
difference can be attributed to the non-uniformity of the spreading due to size segregation, which inevitably lead
to differencesin powder bed density and particle size distribution.
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Figure 32 — Density of the printed components at different location,i.e. front (F), middle (M) and back (B) of the bed Ali et al. (2018).

6.2 Surface roughness and dimensional accuracy

The particle size congtituting the powder layer has a strong influence on surface roughness. The simulation
performed by Lee and Zhang, (2015) showed that the contour of the melt pool is smoother when the powder layer
contains a high fraction of fine particles. They aso pointed out the importance of packing density on the final
quality, as the higher packing fraction results in better surface finish, denser parts without discontinuity and with
a smoother surface. Similar to density of printed components, surface roughness is negatively affected when the
spreader gap height isincreased as demonstrated by Abd- Elghany and Bourédll, (2012).

Non-uniformity of powder spreading clearly affected the uniformity of surface roughness of the fina printed
components. As shown by Ali et al. (2018), powder segregation during spreading leads to differencesin surface
roughness of about 20% aong the recoater moving direction (Figure 33). These differences can be attributed to
the gpatial variation of particle size distribution across the build bed.
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(2018).

Dimensional accuracy is also influenced by the powder spreading. Balbaa et al. (2020) compared two powders
for L-PBF process, i.e. fine and coarse powders, which exhibited different spreadability. In fact, the fine powder
possesses lower flowability (-75%) and packing density (-30%). The less spreadable powder not only resulted in
printed components with low density and higher surface roughness but also in poorer dimensional accuracy in
both horizontal and building directions. This was explained by the tendency of less spreadable powders to form

agglomerates.

6.3 Mechanical properties

In the case of SLM, the mechanical properties of the final components are affected by (i) the rapid melting of
particles by the laser beam and their immediate cooling, which could lead to changes in the crystal structures and
phases, and (ii) phenomena of incomplete melting, porosity and micro-cracking. The effect of spreader gap height
and scanning speed on tensile strength was studied by Abd- Elghany and Bourell, (2012) for SLM process. They
showed that the increase of gap height and scanning speed decrease, yield strength, ultimate tensile strength and
breaking elongation because thicker powder layers presented higher porosity and micro-cracking but also dueto a
less efficient melting of the powder layer with the layer below. Moreover, the higher surface porosity showed by

the thicker layers brought to a decrease of hardness vaue.
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7. Conclusions and future research direction

Powder spreadability is afundamental aspect of AM manufacturing and requires much more research effortsto be
understood and quantified to increase the reliability and repeatability of the process and, consequently, the quality
of printed components. Since only in recent years the concept of spreadability has turned on the spotlight and
studied systematically. There are still many gaps that need to be addressed:

development of standards and metrics quantitatively assess powder spreadability;

increasing the understanding of the spreading dynamics;

correlate feedstock characteristicsto its ability to spreadability;

correlate standardized tests (hall flowmeter, rheometers, rotating drums,...) to spreadability;

further investigation on the effect of powder spreading on the quality of the final printed components,

© g w DR

monitor and control the quality of powder spreading and its variability.

Like many other technological properties, the definition of spreadability is debated, and there is no accordance on
how it can be measured. ANSI has inserted spreadability asagap in AM, as nor unique description nor standards
to quantify it isavailable at the moment. Many spreading metrics have been proposed so far to answer the question
“what is a good spreading”, but none of them is proved to be effective in the complete quantification of
spreadability. Qualitatively, it isconsidered apowder with good spreadability, the onesthat form layers possessing
high packing density, spatial uniformity and smooth profile. The main problems in the quantification of powder
spreadability lies in the difficulty of generalising the problem to all the possible AM processes and the difficulty
of ng the spread layers directly. Spreading, as an intermediate step in AM process, is not directly assessed
but generally evaluated based on the final printed components. More effort should be dedicated to shortening the
research gap in this direction and, in particular, to identify the quantitative relation between powders/machine
operations and the key properties of the resulting powder layers (e.g. packing density, presence of voids,

uniformity), and between the | atter and the fina printed components.

A clear understanding of the spreading dynamics represents a key factor in achieving quality improvement,
replicability, standardization and optimization in AM. Although considerable progress has been made in the past
years, the dynamic of spreadability is still not fully understood due to the complexity of the spreading process,
which involvestheinteraction among the spreader, powders, and the surrounding environment. Much effort would
need to understand the role of different spreader geometries, material and operational conditions, such as spreader
velocity and gap thickness, in their interaction with powders. The research has pointed out as powder
characteristics, such as powder friction and cohesion, may play a significant role in the avalanching flow of the
powder pile and shear flow in the gap between the spreader and the baseplate during spreading. Although some
mechanisms have been identified, the major gap in the research is represented by the fact that the relationship

between the occurrence of those mechanisms and powder characteristics is still unclear. From the experimental
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standpoint, investigating such a relationship is complicated by the difficulty of a direct assessment of powder
spreading.

A further problem is represented by the variability of powder characteristics collected from different batches or
vendors. In this sense, the support of first-principle numerical modelling (e.g. DEM, DEM-CFD) for the
experimentation can be of advantage to fill this research gap as it direct assesses the spreading phenomena at the
particle level and give the experimenter the control of the powder specifications. The problem of the variability of
powder characterigticsis ubiquitous Zegzulka, (2020) and is leading many researchers to explore the causes and

possible solutions.

Many efforts have been made in the past to correlate standardized tests such as hall flowmeters, rheometers, and
rotating drums to powder spreadability. However, those attempts have only partially addressed this problem and,
in some cases, have led to contradictory results. Succeeding in correlating the outcomes from standardised tests
with powder spreadability would help identify and choose the appropriate powdersto be used in a specific process
and with specific process conditions. This represents a big opportunity to increase process/powder understanding

and give professionals the suitable instruments to choose the more appropriate materials.

Further investigations on the effect of powder spreading on the quality of the final printed components are needed
to design consistent processes. The few papers published call for deepening the investigation of the relationship
between powder spreading and mechanical behaviour, microstructure, presence of voids, formation of cracks, and
the quality and appearance of the surface of the final products. The complexity of the problem and the number of
variables involved require a more systematic and statistical approach, as also mentioned in the work of Zegzulka
et al. (2020).

None or afew studies have been published concerning monitoring and controlling the quality of powder spreading.
The development of new technologies able to measure the quality of powder layers is fundamental in ensuring
highly consistent production, optimising the process, and reducing manufacturing costs. Thereis a broad research
space in the development of new in-line devices able to catch specific properties of the layers, such as packing
density, layer thickness, uniformity and surface smoothness, during the spreading. At that point, the monitoring
and control of the spreading quality would inform an automated algorithm on the energy intensity/duration to be

supplied to meet the specifications of the final component.

Furthermore, applying the methods mentioned above for ng spreadability can be used as a starting point to
describe the behaviour of even more complex powder systems. According to the authors’ knowledge, only a few
papers discuss composite powders' spreadability, for example, in thework of Liuddecke et al. (2021), where a
nanocomposite powder containing different oxides was investigated. More specifically, stainless steel, tool steel
and aluminium alloy powders were reinforced via SIC, graphene, and iron oxide black. The paper's focus was on

optimising the printing parameters, and powder spreadability was thoroughly investigated.
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Further devel opments could be achieved by applying |mage processing steps. For example Vakifahmetoglu et al.
(2022) recently introduced an image processing agorithm based on Matlab software to examine spreadability as
a function of the powder size distribution or other physical properties of the material. Similar efforts could be
introduced in the future but using open source programming codes such as python to spread knowledge among

researchers and end-users.

Indeed one crucia point to achieve in the future is reducing the complexity of the measurement of powder
properties. As long as the adopted techniques become more accessible and faster, their scalability increases and
industrialisation becomes possible. This kind of effort was observed in some literary works, e.g. the one from

Ahmed et al. (2020), who proposed a simple technique for assessing the powder spreadability.

At thetime of thisreview, all techniques require that powder samples are assessed outside of the printing machine.
Asapossible future optimization, the af orementioned techniques could be moved directly into the LPBF machines
and used online during the printing process. As a further optimization, it would be really interesting to produce a
machine routine which optimizes its printing parameters directly from the assessment of the powders using an
onlinefeedback system. Knowing in advice the powder properties and tail oring the printing parameters specifically

for the processed powders could enhance the layer density obtaining higher densities after the laser melting.
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during the spreading process is not entirely understood. In the recent past, researchers and practitioners have
frequently put powder spreading in strong connection with powder flowing or even used the concept of flowability
as synonymous with spreadability as discussed in thework of Zhang et a. (2018). Moreover, many tries have been
done to correlate standardized measurements to spreadability. Still, they often failed because standardized tests

are far from the typical conditions occurring during the powder spreading.

Powder spreading and spreadability is ardatively new topic. Its importance is growing quickly as researchersin
academia and practitionersin theindustry are eager to improve the quality, reliability, and replicability of the AM
process. In this review, after a quick glimpse into powder-based AM manufacturing, we will analyze the current
state of research and understanding about powder spreading, trying to put together a coherent picture of the current
knowledge. On the basis of the works published in the literature, we will aso try to rationalize the concept of
powder spreadability and give a clear picture of the proposals done by many researchers to quantify spreadability

through the definition of new metrics and correlate them with physical and bulk properties of the powders.
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1. Additive manufacturing processes

1.1 Powder-based AM processes

Powder bed fusion (PBF) technology uses a localized heat source to melt or sinter powders that are previously
spread over the build platform, finally forming a dense layer; a schematic of PBF equipment isshownin Figure 1.
Once alayer has been printed, a new powder layer is spread and then melted or sintered. This processis repeated
to fabricate components layer by layer. PBF technology includes selective laser sintering (SLS), selective laser
melting (SLM), and el ectron beam melting (EBM) processes, according to the fact the powder is sintered o melted,
and the heat source isalaser or electron beam.

lasar unit scanner systam

*
poewder racoater I laser beam

fabsrication
platform

powder

supply
platfarm

Figure 1 - lllustration of laser powder bed fusion.

In the SLS process, metal powders are spread to form thin bed layers, sintered or partially melted with a high-
energy laser, followed by rapid cooling. A high- powered laser selectively melts the metal powder into layers of
20— 100 um. After that, a new powder layer is spread, and, again, the heat provided by the laser selectively melts
the powders together and with the dense layer below. In SLS, the heat supplied to the powder istuned in order to
avoid powder melting but only sintering. Bo et al. (2020) showed that in the SLM process, meta powders are
spread to form thin bed layers and melted using a high-energy laser followed by rapid cooling. However, in this
case, the heat supplied by the laser is sufficient to melt the metal powder completely. The processis conducted in
an inert chamber filled with nitrogen or argon, and the build platform can be heated to reduce the onset of residual

thermal stress. The achievable temperature widely varies depending on the machine layout and capabilities. A
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postprocessing heat treatment is often required to remove the internal stresses due to thermal changes occurring in
the rapid melting and cooling. EBM process uses a focused electron beam within a vacuum chamber to melt the
powder layer. The chamber is usually kept up to 700 °C to minimize temperature gradients and reduce the
consequent residual stress within the fabricated components. These technologies can produce near net shape
components, but SLM results in more accurate components with better surface quality. On the other hand, EBM

is faster and produces components with lower residual stresses as reported by Tan et a. (2017).
1.2 Direct Energy Deposition (DED)

DED, also referred to as blown powder AM (BPAM), involves the introduction of metal powder to a heat source,
such asalaser, electron beam or plasmaarc, which meltsthe metal powders or wirestogether asthey are deposited.
According to Moalitch-Hou (2018), the first application for DED dates back to 1988.

According to Sing et al. (2019), powders result in lower deposition efficiency than metal wires as only a part of
the total powder would be melted and bonded to the substrate. Like Electron beam melting, electron beam systems
in DED require avacuum and typically do not have high oxidation issues. On the other hand, laser DED systems
require other methods to introduce inert gases. Powder DED machines often have inert gas blown together with
the powder from the nozzles, thereby sheathing the melted region, reducing the oxidization rate. Because of the
technology’s ability to inject metal powder directly into the heat source, often attached to a4- or 5-axis arm, DED
systems are not limited to working onto aflat substrate. Instead, it is possible to print metal onto curved surfaces,

such as existing metal structures, e.g. moulds.

For thisreason, DED is often used to repair damaged parts, particularly in the aerospace industry. DED machines
are also known for producing large components to near net shape before they are machined to their final
geometries. Thistechnique requires the powder to flow in adedicated hose, connecting the feedstock to the nozzle
using a different mechanism to powder bed systems. For this reason, this technique is not further detailed in this

review.
1.3 Binder Jetting (BJ)

Besides those techniques which require a heat input to sinter or melt powders, there is also an additive
manufacturing technique that does not require any heating source, at least during the printing stage, i.e. binder
jetting (BJ). The origin of metal BJ technology dates to 1993 when the Massachusetts Institute of Technology
(MIT) developed an inkjet-based process to create three-dimensiona objects using metal powders. The process
begins by spreading a thin layer of powder, with printheads depositing binder droplets into the powder bed. The
printing plate then lowers, and another layer of powder is spread. The processisrepeated until the part is complete.
Unused powders are efficiently recycled. The as-bound component is referred to as green, a meta casting term

that refers to the relatively fragile material used for sand casting moulds. After the printing phase, curing,
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debinding, and sintering steps must be provided to obtain the final component. Each phase can be dightly different
depending on the processed material and the machine brand. For example, curing can be achieved viaambient air

exposure or with the help of thermal or UV curing.

Thisprocess, initially designed for metallic powders, was also efficiently applied to ceramic materials as described
by Chen et a. (2022), who realized samples made of dluminaviaBJ.

However, Lecis et a. (2021b) evidenced that powder packing, wettability with the binder and sinterability are
essential parameters that must be tailored to achieve desired material properties. At the same time, other authors,
such as Roberts et al. (2020), stated that BJ components typically have alow overall density in the green state and
high shrinkage and deformation after heat treatment. They also suggested that these properties can be improved
by including nanoparticles of the same material in the binder as the nanoparticles can fill the interstices and pore
throats between the bed particles.

Similarly to other AM technigques, BJ has several important parameters to tailor before obtaining proper density
values. Mostafagl et al. (2021), for example, indicated binder saturation and drying time as vital parameters to
process WC-Co composites properly.

Mariani et al. (2021) used this technique to fabricate WC-12%Co samples via binder jetting, then sintered in a
low-pressure furnace at 1400 °C. The application of BJ span an extensive material range: Leciset a. (20214), for
example, processed 316L stainless. More specifically, their study showed how this new technology could
effectively produce metal parts with mechanical properties comparable with products obtained with traditional
techniques and with other additive processes (e.g. Selective Laser Melting).

Romano et al. (2022) demonstrated that BJ can be efficiently used also to additively process materias powders
with very low laser absorbance, such as Copper. In this work, afine high-purity copper powder with a Dsp of 3.4

pUm was used to assess the sintering processin depth.

Even though severa AM techniques are available to researchers and end-users, in this review, the authors will

focus on powder bed fusion techniques only being the most diffused.

1.4 Powdersfor AM

A fundamental ingredient of metal AM manufacturing is congtituted by the powders used in the process. Each
process requires specific powder size and powder size distributions, e.g. SLM requires fine powders, whereas a
coarse powder is suitable for EBM. According to Wang et al. (2022), different powder systems will also lead to
different layer structures when spread over the building platform. For this reason, the main differences among the

most diffused systems are reviewed in the following paragraph.
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The quality of the final components is influenced, among other many factors, by the shape of the powder, which
mainly depends on their producing routes. The most common routes for producing metal powders for additive
manufacturing include water atomization, gas atomization, plasma atomization, and plasma rotating electrode
process. As shown in Table 1, each process produces powders with different particle shapes and particle size
distributions. The work of Wallner, (2019) showed that in the water atomization process, the molten meta flow is
broken into droplets by awater jet at high velocity and pressure, and the surface tension of the metal droplets gives
them a spherical-like shape. These powders present an irregular morphology, which can represent a severe
limitation for AM processes. Only afew works deal with powder flowability or spreadability of water atomized
(WA) powders. Hoeges et al. (2017), for example, were ableto obtain full-dense 316L samplesusing WA powders
but significantly modifying the AM process parameters. According to these authors, 316 L WA powders have a
considerably higher avalanche angle than traditional Gas Atomized (GA) ones. Nevertheless, the obtained results
proved that WA powders are still usable in SLM systems. GA powders typicaly have avalanche angles close to
38°, while WA showed 58°.

Conversely, 316L GA and WA powders may show similar behaviour when tested with the Hall and Carney cups.
The authors, indeed, noticed that no flow was possible in both systems. These results are directly inherited from
the irregul arities which characterize WA powders systems. On the other hand, spherical particles can be obtained
by using gas atomization. Sun et a. (2017) demonstrated that the molten metal flow is perturbed and disintegrated
by an inter gas jet at high pressure in the gas atomization process. The resulting particles are spherical with the
presence of satellite particles because fine particles dragged by the gas circulating in the atomizing chamber can
easily collide with the molten atomized particles. The presence of satellitesis not desirable because they decrease
powder flowability and spreadability. Plasma atomization consists of the atomization of metal wires by using
plasmatorches, followed by solidification. The advantage of plasmaatomized powdersliesin their high sphericity
without the presence of satellite particles, in the narrow particle size distribution, and the high purity of the powder,
as observed by Kassym and Perveen, (2020). The plasma rotating el ectrode process uses a plasma arc to melt a
rod that, rotating rapidly, €jects the molten metal forming spherical particles. The resulting powders possessed a
high spherical shape and anarrow particle size distribution.

On the other hand, Sehhat et a. (2022) increased powder sphericity by applying the induction plasma
spheroidization process to 304L gas atomized powders. The authors reported that dense samples obtained from
spheroidized powder have lower tensile strength but higher ductility. In addition, the authors affirmed that
mechanical properties changed due to a severe dteration of the powders during the process. Indeed, the
spheroidization process caused a strong carbon, nitrogen, and oxygen depletion, leading to a completely different
powder microstructure during the re-solidification step. Thisfact was considered the main reason for reducing the

tensile properties. Nevertheless, the process demonstrated to firmly lower the powder avalanche angle and break
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energy with respect to as-received ones. Consequently, spheroidized powders have higher flowability than the as-

received powder. This data suggests that the as-received material is more cohesive due to itslarger asperity.

According to Riener et d. (2021) flowability and spreadability of powders may change with the passing of time
depending on storage conditions. The authors underlined that powder, which was stored under humid conditions,
resultsin alower part density and lower mechanical strength. This deterioration in processability can be reversed

by drying the powder in a vacuum drying oven before the SLM process.

Table 1 — Main characteristics of metal powder produces by gas atomization, water atomization, and plasma atomization process (Dawes
et a. (2015); Kassym and Perveen, (2020).

Manufacturing process Particlesize Particle shape Metals
] . . Irregular shape ;
o 0-500 um; wide particle size . Ni, Co, Fe,
Water atomization distribution Presence (_)f satellite T, Al
particles
< Wi - Spherical shape
Gas atomization 0-500 pm; Wi de partlcle Size Presence of satellite Non-reactive
distribution :
particles
. 0 - 200 pum; narrow particle size Higly spherical shape )
Plasma atomization distribution Ti
Plasmarotating . . .
0-100 um Higly spherical shape Ti

electrode process

A complete and fruitful characterization of powder to be used in AM process remains a significant challenge
because of the complexity of granular systems and their behaviour, see Figure 2, although some examples
concerning numerous critical raw materials (CRM) can be found in the work of Popov et a. (2021). Some
characterigtics are intrinsic of the granular system, i.e. size, morphology, surface/bulk chemistry, and density, and
are usually easily assessable. On the other hand, Leturia et a. (2014) demonstrated that the ensemble behaviour
not only depends on the physical/chemical characteristics of the powder but also on the external conditions or

processing environment, e.g. temperature, humidity, forces applied.

The characterization of metal powders is a fundamental aspect as their behaviour influences the quality of the
powder spread layer and, in turn, of the printed component. Researchers, such as Spierings et a. (2016), and

practitioners usually assess the following characteristics of the powder:

1. Physical, chemical, optical, and thermal properties
2. Ability to form dense packings
3. Ability to easily flow during the spreading process
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Figure 2 - Ishikawa diagram with influencing parameters for metal powders Spierings et a. (2016)

For example in the work of Kirchner et al. (2016) the physical properties of different powder for AM application
are compared against each others. The authors states that the particle size distribution and morphology determine
the powder flowability and packing density. Asaconsequence, these quantities control the powder's processability.
Among al the observable effects when powders are changed, we can mention the feeding behaviour, the powder
bed density and uniformity, or the roughness of the raked layer. These physical variables will affect the printing
process parameters, which will be tailored accordingly. For example, finer powders will lead to a lower surface
roughness of the samples but lower flowability. Another example comes from the comparison of powders for
LPBF and EBM applications. Generally, powders for EBM applications have a larger particle size distribution.
Consequently, flowability, apparent and tap density are higher than the SLM powders. Anyway, each system
behaves differently and should be carefully analyzed and compared with values coming from literature.
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2. Powder spreading

The spreading of powdersisafundamental stepin AM and consists of distributing the powder over alarge surface
using ablade or aroller to form athin layer before supplying radiant heat able to sinter or melt the layer in specific
locations. Powder spreading represents a significant bottleneck in the AM based on powder beds because it
strongly determines the quality of the final products.

Since early studies of AM, the spreading of powders has been seen as a fundamental issue in order to obtain
metallic parts with good mechanica properties. Van der Schueren and Kruth, (1995) focused their attention on
three different approaches for spreading the powders based on the use of a blade, a counter rolling cylinder, and,
finaly, a dot-feed system. They concluded that, contrary to the slot-feed system, both blade and counter rolling
cylinder do nat require high flow rates of the powder, although high flow rates result in more accurate layer
deposition. The dimensional control in the vertical direction wasinvestigated by Lee et a. (1995). They developed
amodel for layer displacement based on powder compressibility and applied load and point out asthe resultswere
highly dependent on the materials and particle shape.

It should be pointed out that only in recent years, powders spreadability has started to be studied systematically,
using both experiments and simulations. The study of the spreading dynamic has been studied experimentally by
the use of visua approaches able to capture the movement of the pile powders. On the other hand, simulations

were extensively used as they are able to capture the dynamics of spreading at asmaller scale.

This section will present the basic spreading systems used in AM manufacturing and the main methods used to
investigate the problem related to powder spreading.

2.1 Powder spreading systems

Many spreading systems have been employed in AM, such as rollers, comb blades, sweep blades, and moving
hoppers. The simplest method to spread powders consists of using athin blade (or rack) that sweeps and distributes
apowder pile along with the building platform, see Figure 3a. The height of the blade gap and the velocity are the
only process parameters set in such a system. In this case, powders are subjected to shear stress, but compressive
stressisnegligible.

In the case of roller type spreaders, the rolling and diding movement determines a shear flow and, at the same
time, exerts compressive stress to the powder. As shown in see Figure 3b, acounter-rotating roller didesaong the
building platform and rotates in the opposite direction so that the flowability is enhanced by the rotation and, at
the same time, the powder is compacted under the roller gap. The main process parameters are the roller gap, its
geometry, and itslinear and rotational velocity. In the case of forward-rotating rollers (Figure 3c), the compression

due to the roller can result in a higher packing density, but, in the case of powders with low flowability or a
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relatively high adhesion, the interaction of the roller with the surface of the layer may result in an incomplete or

non-uniform spreading or, in the worst cases, in the formation of cratersin the layer.

Blades generaly produce layers with lower quality and packing density as described in the work of Yang et al.
(2017). As Haeri, (2017) suggested, a roller produces more compact and smoother layers because of its larger
contact areathat allows agradual particle rearrangement. On the other hand, a blade produces |ess compact layers
with greater roughness because it only drags the particles in its movement and negligible compression. A blade
spreader can not be improved simply by increasing its contact area but modifying its head profile, i.e. a super-

elliptic profile as can be found in the work of Haeri, (2017).

As shown in Figure 3d, a different strategy for spreading powders consists of using a blade and forward-rotating
roller simultaneously, although, to our best knowledge, this strategy is not commonly used inthe AM. This system
might be able to compensate for the lack of compaction dueto the use of a blade by using aforward-rotating roller,

which in this case could act mainly to compact the powders and not to spread them.

b]’.-r--»\\

S .fﬁl-..-'_ L E o l'. .

Figure 3. Schematic of AM spreading systems: @) blade, b) counter-rotating roller, c) forward-rotating roller, d) combination of ablade
and aforward-rotating roller.

The fundamental AM spreading parameters are the type of spreader, the spreading speed and eventually roller
rotation, and the gap height. It is reported that the typical spreading speed of blade spreadersis up to 150 mnv/s,
whereas, in the case of the roller, the trandational velocity isin the range of 5-130 mnv/s, and its rotation speed
between 250-350 mm/s as suggested by Oropeza et d. (2021). Although it would be desirable to conduct the
spreading as fast as possible to increase productivity, the limitation on the quality of the spread layer imposes a

10
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compromise. The gap height used in the AM equipment is related to the category of AM technology used. As
shown in Table 2, the use of laser as a heating source limits the layer thickness to approximately 20 and 100 pm,
wheresas electron beam can be used to thicker layers from 50 to 200 um. Of course, the use of different AM

technology requires different metals and powders with different size distribution.

In addition, authors like Wang et al. (2021) performed discrete element method (DEM) simulations to show
differences among spreader geometries. The authors, for example, stated that round and inclined surfaces of blade
spreaders allow more particles in the compact region to be deposited compared with vertical blades; thus, the
powder layer formed is denser. Furthermore, roller systems have the largest particle motion conflict; thus, powder
layers formed are sparse and inhomogeneous with small layer gaps. Finaly, they also highlighted that size

segregation in blade systemsis not as severe asin roller systems.

Similarly, also Mussatto et al. (2020) investigated the combined effect of powder morphology, spreading velocity
and layer thickness on the powder bed topography uniformity. The authors evidenced that particles sphericity and
surface texture influence how much the spreader velocity and the layer thickness may alter the quality of powder
bed layers. Secondly, the spreader velocity always impacted the powder bed uniformity, and better uniformity is
achieved with spreading velocities < 80 mm/s.

Phua et a. (2021) used the Discrete Element Method to assess the recoater geometry and speed effects. More
specificaly, they compared a toothed and a solid rake noticing that recoater velocity strongly impacts the degree
of particle circulation and size segregation. Furthermore, particle circul ation was enhanced by the toothed recoater,

while solid recoater caused more size segregation.

11
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Table 2 - AM technologies used in processing metal powders.

Heat source / Powder size Layer
Category Process Raw materials (metals) distribution thickness Ref.
temperature
(approx.) (approx.)
Sdective  high-intensity
Melting laser / above Iron-based (316L, 420, M2), titanium and Boetal.
(SLM) melting point titanium based (Ti6AI4V, TiAl), aluminium- (2020);
based (AISi, AICu, AlZn), nickel-based (Inconel 10-50 20— 100 um Chinetal.
. 625, 718), copper, niobium, tantalum, bio- Hm H (2020);
Selective high-intensity ~ material metals-polymers and metals-ceramics Tiwari et
Laser laser / below combinations al. (2015)
Powder - Sintering o it
bed fusion (SLS) meting poin
Chineta.
Electron (2020);
Beam Electron Beam / Ti grade 2, Ti6AI4V, Inconel 718, CoCrMo; Gokuldoss
Mélting above melting alloys having volétile constituents, e.g. Zn, Mg, 40— 100 um 50 — 200 um etal.
point Pb, Bi, are not advisable. (2017);
(EBM) Sames et
al. (2016)
Titanium alloy (Ti-22Al-23Nb, Ti-6Al-4V, Ti- Chineta
Powder 6.5A1-3.5M0-1.5Zr-0.3Si, Ti-5AI-5M0-4V-1Cr- (2020); '
Directed directed Laser, arc or e- 1Fe), Steel (10V, 15-5 PH, 410, AlSI Saboori ’et
energy energy beam / above 309Aremet 10, A2, MM10), Nickel based 20-200 pum 200-800 pm al. (2017);
deposition denosition melting point superalloy (CM SX-3, Haynes188, Haynes230, S'am$ et’
e IN600, IN690, IN713, Rene 142, Rene N5), d. (2016)

Aluminum alloy (CP Al, 6061, (2024)

2.2 Testing tools

A standard method for measuring the spreadability of powdersin AM processis not currently available. However,
many researchers are proposing both tests in situ and ex-situ. Whereas in situ tests are performed directly in the
processing apparatus, ex-situ tests use novel tools specifically designed to analyze the behaviour of powders during
their spreading and quantify the quality of the powder layer generated.

Cordovaet al. (2020a) have designed two applicator tools that imitate the shape and the movement of awire blade
presented in atypical AM apparatus. Thefirst tool iscalled open applicator and consists of ablade that dlides over
a stripe; as the blade slides over a meta strip, the powers flow in the gap fixed to 100 um and are deposited,
forming alayer (Figure 4a). The second tool is called funnel applicator because the applicator consists of ablade
raised 100 um over a metal strip and an oblique wall in contact with the strip forming a sort of funnel where the
powder flows through before being deposited (Figure 4b). The test consists of weighting and charging an
appropriate volume of powder and then moving the applicator at a constant speed of about 200 mnV/s (the authors
moved the blade manually). The powder spreadability was judged by visua inspection of the layer and measured
in terms of relative density. The authors suggested the use of the open applicator because it provides conditions
more similar to those occurring during the spreading in the processing apparatus and gives results with a smaller

deviation than the funnel applicator.

12
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Figure 4. Applicator tools designed by NLR. C) open tool, d) funnel tool, €) Powder flowing

through the 100 pwm aperture of open and/or funnel tool adapted from Cordova et al. (2020b).

As shown in Figure 5, an automated test machine was built modifying a commercial thin-film applicator with an
adjustable height blade that emulates the spreading process in AM equipment according to the works done by
Hulme-Smith et a. (2021) and Méllin et al. (2021)
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Figure 5 - Automatic powder applicator developed modifying acommercial thin-film applicator and placed in climate chamber Hulme-
Smith et al. (2021; Méllin et al. (2021).

A more sophisticated modular powder spreading testbed was designed and fabricated by Oropezaet a. (2021) to
be used for assessing and testing powder spreadability (Figure 6). The testbed is able to perform multi-layer
spreading, uses aroller or blade spreader, has a spreading speed in the range of 0 — 100 mm/s, and a rotation
velocity from 0 to 300 rpm, which are the typical range used in AM manufacturing. The use of such an automated
testbed can facilitate a systematic study of spreadability because each test requires a small amount of powder.

13
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Figure 6 - Mechanized powder spreading testbed devel oped by Oropezaet a. Oropezaet a. (2021)

Lefebvreet d. (2019) evaluated the spreadability using a Hegman gauge (gauge in the range 0 — 100 um). It should
be pointed out that the Hegman gauge is used to check fineness or the presence of coarse particles in a liquid
dispersion, and used in that case to assess powder spreadability. The measurement can assess qudlitatively the
spreadability by comparing the quality of the spread layer of different samples (Figure 7).

Figure 7 - Spreadability measured by using Hegman gauge (0-100 um) (Lefebvre et al. (2019).

In recent years, Chen et a. (2017) attempted to experimentally capture the dynamics of powder spreading in the
additive manufacturing conditions was made by using a visible light camerato measure the dynamic repose angle

14
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(DRA) obtained by moving a powder pile with a blade smilar to those used in the manufacturing process. The
camera was able to capture the evolution of the angle of repose of the powder pile. The authors showed that,
whereas the pile size diminished during spreading, the repose angle remained stable. Powders with small DRA
showed better continuity and stability of flow under the blade gap. Conversely, Escano et a. (2018) used high-
speed x-ray imaging was also used to investigate the evolution of the dynamic repose angle during spreading.
Moreover, they were able to visualize the evolution of the surface roughness profile of the powder pile during the
spreading process and the formation of powder clusters due to van der Waals cohesion forces or induced by
jamming. The formation of these agglomerates can induce irregularities in the shape of the final layer, such asthe

formation of craters and voids (Figure 8).

Figure 8 - Dynamic evolution of powder clusters tracked on the surface of the slope during the spreading of 316 L stainless steel powder
captures using high-speed x-ray imaging method Escano et al. (2018).
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2.3 Numerical methods

Theinvestigation of powder spreading has involved the synergic use of both experiments and simulations. On the
one hand, experiments suffer difficultiesin acomplete characterization of the powders and some lack of replication
due to batch-to-batch variability of the feedstock or the non-perfect control of the process conditions. On the other
hand, simulations present some limitations, such astherelatively small system size and short simulation times, but

also a non-perfect correspondence between the simulated and the real system.

Except for the work of Shanjani and Toyserkani, (2008), there are not many examples of using a continuous
approach to describe the spreading of powders. They modeled the powder spreading and compaction due to a
counter-rotating roller using the assumption of continuum mechanics. The model considered the process of powder
spreading similar to the case of alaminar flow of aviscousliquid, where the interaction between theroller and the
powder is modeled through a coefficient of friction, and the powder is considered a compressible medium with

non-constant density.

On the other hand, the discrete element method (DEM) has been the preferred method for investigating the
dynamics of the powder spreading. DEM is a numerical technique proposed by Cundall and Strack, (1979) for
describing the dynamics of particulate systems, where the continuity assumption fails to describe such systems.
DEM isaLagrangian method that tracks the movement of each particle and its interactions with other particles or
the boundaries. Newton's laws of motion for trand ation and rotation are applied to each particlei:

d’r;
ml-le = Z(FC.U +) + m;g
j

dw;
j

where m; isthe mass of the particle i, r; its vector position, I; the moment of inertia, w; the angular velocity, g is
the gravity acceleration vector. Those equations are integrated in time to obtain the temporal evolution of the

position, angle, trandationa velocity, and angular velocity of every particle.

The core of DEM consists of simulating particle- particle and particle- wall interactions by using contact models
that are able to calculate contact forces F.;; and torques T, ;; taking into account the position, velocity, and
properties of each particle. Usually, these models depend on some physical properties such as Y oung's modulus
and Poisson ratio, but also by the size of the particles and friction behavior. The contact forces are split into the
normal and the tangential component to the contact plane and are modeled by using linear viscoelastic models,
non- linear viscoelastic models, and hysteretic models as demonstrated by Blais et a. (2019).
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The simulation of powdersin the micron range requires the modeling of adhesive interactions. The main sources
of adhesive inter-particle force are capillary effects, el ectrostatic attraction, and van der Waals interactions. Li et
al. (2016) pointed out that the metal AM process often requires humidity level to be as low as possible to enhance
the densification process, preventing the formation of oxides and hydroxides and the production of hydrogen that

can form gaseous poresin the final component.
2.3.1 Characterization of powders and model calibration

DEM parameters require to be calibrated in order to link experiments and simulations; some works from the
literature are reported in Table 3. According to Roesdler et al. (2019), the calibration tests should be conducted at
the same scale and a flow regime close to the actual experiments. As a matter of fact, it isa common practice to
scale down the simulations because of the computational costs of DEM. Moreover, Lommen et a. (2014)
suggested many other tricksin order to speed up simulations, such asreducing particle stiffnessin order to decrease
the simulation timestep. The calibration of a parameter can be performed by directly measuring the single property
at particle or contact level, such as in the case of particle size, size distribution, and shape. On the other hand,
contact parameters are preferably determined using a reverse calibration process, in which the parameters are
found indirectly from bulk measurements as found in the work of Coetzee, (2017). The calibration can be achieved
by using a "trial and error" approach, in which the simulation is repeated with different values of the parameters
until a satisfactory match with the experimental results is abtained. In a recent paper, Richter et a. (2020) have
successfully exploited optimization algorithms and data regression from a design of experiment to tune the DEM

parameters. In some cases, previous data from literature are taken as reference values.

A common calibration procedure consists of comparing AOR observed experimentally, and the one obtained
varying DEM parameters until agood match between experiment and simulation isreached. Whereastraditionally,
DEM simulations try to emulate the flowing of powders from a funnel or a hopper according to the ASTM
Flowmeter test. Geer et a. (2018) developed an alternative method, called “cloud method,” which consisted in
generating conical heap from the falling under the gravity of a non-contacting cloud of particles. Meier et a.
(2019b) used AOR to calibrate the surface energy of metal powders and noted that cohesion influence more the
resulting AOR than other DEM parameters, such as stiffness, friction coefficient or the coefficient of restitution.
Desai et al. (2019) proposed a complex calibration procedure that started over the calibration of friction
coefficients using two consecutive AOR virtua experiments and simulations of a virtual rheometer against real

tests. Some of these methods are summarized in Table 3.
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Table 3 — Calibration method used for powders used in AM.

Particles Calibration method
Authors Material
Type Polydispersity Cohesion Experimental Simulation
Gas atomized ] AOR obtained from the
Geretd. (2018  sainiesssied gy o . AOR abtained Tom e fiow through afixed,
Geer et . (2018) (17-4S9) - f>Hm oy down-scaled funnel and
powder from clouds of powders
Meier et a, (2019 AOR obtained from the AOR obtained from the
Meier et al. Ti-6Al-4V Spherical 20— 160 pm yes flow through afixed flow through afixed,
(2019b) funnel down-scaled funnel
Desai et al. (2019 e oAl . Monosized 250 AOR + powder AOR + powder
Desai et a. (2019) Ti-6Al-4v Spherical pum no rheometer rheometer
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2.3.2 Smulation of the spreading process

The spreading process has been widely explored by using DEM simulations; a comprehensive list is presented in

Table 4.
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Table 4 — Simulation studies of powder spreading.

Authors Powders Spreader Variables studied Metrics
. Spherical, polydisperse (15 — 70 ym), ] . .
Mindt et al. (2016 non-cohesive, Ti-6AI-4V particles Flat spreader Gap thickness Bed particle fraction,
Particle shape segregation,
Rods (overlapping multi-sphere bed particle fraction,
Haeri et dl. (2016 method), polydisperse, non-cohesive, Roller spreader, Particle shape, gap thickness, surface roughness,
' olvether ' ather ketone (’PEEK) articlé flat spreader roller velocity, blade velocity ~ probability density function
poly P (PDF) for the spatial
distribution of orientation
. " Non-spherical (overlapping multi-
Parteli and Poschel, sphere method), polydisperse (30 — 100 Roller spreader Roller velocity Gap thickness
(2016) ;
pm) cohesive, Polymer PA12
. ) Cohesion, sliding and rolling :
Cheneta. Chenet Spherical, pc_)lydlsperse (9-240 pm), Flat spreader friction, particle size, blade Mass flow rate, dynamic
al. (2017) cohesive, 316L powder height, and velocity repose angle
Gunasegaram et al. Elliptical, polydisperse (37 -183 pm),
(2017) non-cohesive, Ti-6Al-4V particles Flat spreader
Rods and irregular (overlapping multi-
Haeri, (2017) sphere method), polydisperse, non- From flat to Blade velocity, design of Bed particle fraction,
! cohesive, polyether ether ketone rounded spreaders blade profile surface roughness
(PEEK) particles
Non-spherical (overlapping multi- Particle fraction, Frequency
Nam et a. (2018) sphere method), polydisperse (15 - 55 ; of empty patches,
(Nan et al., 2018) pm) cohesive, gas-atomized 316 L Flat spreader Gap thickness Frequency distribution of
stainless steel particles jamming
) " Particle size, polydispersity, . :
Spherical, polydisperse (5 — 80 um), Bed packing fraction,
Chen et al. (2019) AlSI 316L stainless steel powder Flat spreader thigﬁ;to?]f;?;gya“’ powder flow, percolation
Spherical, polydispersed (20 - 44 pm), ) . .
Meiereta. (2019)  cohesive titanium alloy (Ti-6AI-4V) Flat spreader Gap thickness, cohesion Surface profile, bed
’ energy packing fraction
particles
d Ghad l;lon-sphiri(cj?l (O\IIteIappi - (m 2 fl hrough th
Nam and Ghadiri, sphere method), polydisperse (15 — 55 ; . Mass flow rate through the
(2019) pm) cohesive, gas-atomized 316 L Flat spreader Gap thickness, blade velocity gap, Shear band
stainless steel particles
. ) . Effect of powder bed on
Gu et a. (2019) Spherical, pol ydlspamd_, cohesive, Flat spreader thermodynamics and laser
W(C/Inconel 718 composite powders processability
. ) . Packing fraction,
Maet a. (2020) Spherical, polydispersed, cohesive Flat spreader Presence of fine fraction coordination number,
powder surface roughness
Spherical, mono-sized (50 pm), non-
Foude(\zaggol)?;ayly, cohesive titanium alloy (Ti-6Al-4V) Flat spreader Gap thickness, blade velocity Bed packing fraction

particles

Chen et dl. (2020)

Spherical, polydisperse (5 — 80 um),
cohesive, 316 L stainless steel powder

Counter-rolling
spreader

Gap thickness, blade velocity

Mass flow rate through the
gap, normal stress on bed,
surface profile, bed packing
fraction

He et al. (2020)

Spherical, mono-sized (50 pm),
cohesive, plasma atomised Ti-6Al-4V
particles

Flat spreader

Packing density, surface
roughness, density pore,
chamber pore

Nam et al. (2020)

Non-spherical (overlapping multi-
sphere method), polydisperse (15 — 55

Counter-rolling

Roller rotational speed, gap

Particle segregation, mass
flow rate of particles

pm) cohesive, gas-atomised 316 L spreader thickness through the gap, normalised
stainless sted particles spread particle volume
Height of the layer,
Spherical, polydisperse (30 -100 pm), Number of layers, spreader dynamic AOR, packing
Leeetal. (2020) cohesive, Co-Cr powder Flat spreader velocity, density, particle size
distribution
] ) . . . Packing fraction, surface
Spherical, polydisperse (30 -90 um), Roller spreader, Cohesiveness, particle size '
Wang et al. (2020) cohesive, Hastelloy X (HX) powder flat spreader distribution, roughne$,'propert|e§ aong
spreading direction
. . . . . Packing density and its
Spherical, monosizes (34.8, 100, 123.2, Particle size, sprading d :
Yeoetdl. (2021) 169.4 pm), cohesive, 316 L stainless Flat spreader velocity, gap heigh, blade evolution, pore size,

Yao et dl. (2020)

steel powder

angle

particle velocity
distribution,
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2.3.3 Surrogates and machine learning

The development of surrogates and digital twinsis amagjor trend in research and industrial environment in order
to increase process understanding, quantify uncertainty, increase reliability and safety, and, finaly, manage
product quality. Surrogates and digital twins aim to replicate a manufacturing process, or a part of it, by training
machine learning algorithms with data produced by testing data, literature data, and simulation results (Figure 9).
Mukherjee and DebRoy, (2019) suggested this approach because it can be beneficia also to the additive
manufacturing process to overcome the problem of process replicability due to the complexity of the processitself

and the variability of the process variables.
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Figure 9 — Schematic representation of the digital twin Mukherjee and DebRoy, (2019).

A three-step approach was proposed by Desai and Higgs, (2019) to produce maps correlating roller trand ational
and rotational speed to some spreadability metrics, such as spread throughput, porosity, and layer roughness. The
first step consisted in the characterization of powders using a powder rheometer and calibrate DEM powder
characteristics against those data. The second step consisted in generating an appropriate design of simulations
having as parameters roller trandational and rotational speed, performing DEM simulations, and compare their
outcome with experimental data. The third step consisted of training a Back Propagation Neural Network (BP-
NN) and using it as a surrogate model to create maps that correlate spreader speeds and spread layer properties.
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For the sake of easiness, a summary of the techniques mentioned above with relative pros and consis given below

inTable5:

Table 5 list of in-situ, ex-situ and simulation techniques to determine powder spreadability.

Name

Pros

Cons

Open applicator

Imitate real AM equipment

requires a visual inspection of the
layer

Funnel Applicator

Measures powder spreadability

Higher deviation

Modular powder
spreading

Totally automated requires only
a little powder

Hegman gauge

Fast measurement of
spreadability

only qualitatively results are achieved

Visible light Camera

Measures the dynamic repose
angle of powders

Only a limited amount of information
can be obtained

X-ray imaging

Higher resolution, capable of
identifying cluster formation

Continuous approach

Evaluates powder behaviour
based on fluid dynamic Models

Old equations. Not very widespread
among researchers and end-users

Discrete approach

simulation of powder-powder
interactions

requires a calibration process, high
computing power demanding

Al/digital twins

Highly customizable

requires a calibration process, high
computing power demanding
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3. Powder spreading dynamics

Powder spreading is a complex and articulate process that can be divided into different subprocesses mutually

interacting:

1. Avaanching flow due to the horizontal movement of a powder pile imposed by a blade or a roller and
convection/circul ation of powders within the moving pile;
Shear flow in the front and under the gap between the rake and baseplate and in front of the blade;

3. Theinertia of the particles that continue to move after being deposited on the substrate.

A genera picture of the main problems encountering in the spreading process is shown in Figure 10. If the gap
height is not high enough, particles cannot flow through it, impeding the spreading of the powder. A further
phenomenon that is usually encountered in the powder spreading isrelated to the powder size or shape segregation,
which means that the particle size/shape distribution within the powder bed differs from the original distribution.
Furthermore, the interaction between powder and blade can lead to jamming, resulting in non-uniformity of the

powder layer and, in the worst case, in empty patches.

al

0
e *m'ﬁ

Figure 10 — Schematic of the main problem encountering in powder spreading: @) missing spreading due to small gap size, b) powder
size/shape segregation, and c) formation of empty patches due to jamming.
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3.1 Blade vs. roller spreader

During spreading, the powder pile moves with the blade/roller and, asthe powders are spread into layers, gradually
decreases its height. The stress increases with the depth from the slope surface to the bottom, but it drops greatly
in the region close to the gap, called the stress-dip region as mentioned in the work of Chen et al. (2019). As shown
in Figure 11, the powder pile can be divided into three main regions according to the velocity field. While the
majority of the powder moves with the rake (relative velocity equal to 0), the front region moves similarly to an
avalanche, and the bottom region flows out from the gap between the plate and the rake head. The behavior of the
front region is strongly connected only with the powder flowability and not with the powder density of the powder
layer. It has been reported that the dynamic angle of reposeis not affected by the height of the gap nor by the blade
speed as previously described by the same author Chen et al. (2017).

On the other hand, the stress-dip region has a substantial impact on the powder deposition. Chen et al. (2019)
showed that the stress and the mass flow rate in this region directly determine the packing density of the powder

layer, whereas the magnitude of their fluctuations determines its uniformity.

Figure 11. Velocity field of the powder pile Chen et al. (2019).

The effect of blade shearing is exerted on the particles in front of the blade, in a region that is extended in the
vertical direction between the baseplate and a height slightly higher than the gap height. As shown in Figure 12a,
particle velocity is maximum close to the edges of the blade and minimum close to the baseplate, and its profile
follows a universal curve having the sigmoidal shape of a Gauss error function as found in the work of Nan and
Ghadiri, (2019). The particles having a velocity lower than the velocity of the blade moves through the gap, are
deposited, and forms the powder layer. Furthermore, Haeri et al. (2016) explained that in their flowing under the
gap, particles are dragged forward because of the contact with the edges of the blade. Nonetheless, Nan et al.
(2018) showed the presence of ajump in particle velocity across the front edge of the blade that is reduced only
by rising enough the height of the blade; this behavior is described in Figure 12b,.
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Figure 12 - Variation of particle velocity with H in the region "before blade" for different gaps Nan et a. (2018).

The mass flow rate through the gap increases linearly as the blade speed increases until a critical blade speed is
reached and the mass flow rate approaches an asymptotic value, which represents the maximum spreading
throughput obtainable using a certain gap height. Whereas the asymptotic value depends on the gap height, the
critical velocity appears to be independent of the gap height. This effect has been explained by comparing the
gravity inertial timescale, which representsthe characteristic falling time of a particle during the spreading process
because of the gravity, and the spreading inertia timescale, representing the characteristicstime for abladeto pass
over a particle at rest. At low blade velocity, the spreading inertial timescale is longer than the gravity inertial
timescale, and, consequently, particles have timeto fall and pass through the gap. On the other hand, at very high
blade speed, when the spreading inertial timescale is much shorter than the gravity inertial timescale, particles
cannot reach the gap sufficiently faster, limiting the mass flow rate. The critical velocity is around 5(gDgg)%>,

where Dq, is by number asfound in Nan and Ghadiri, (2019) work.

Different from the blade, Nan et a. (2020) observed that a roller spreader can trandate horizontally and rotate.
When theroller does not rotate, the particle velocity field isnot dissimilar to the case of ablade, whereas a stronger
particle circulation and convection can be noted when the rotation is applied to the roller. In that case, the roller
acts as a mixer that moves particles from the bottom to the free surface of the heap and, finally, to the bottom
again. Moreover, particlesgeneraly not only have larger velocities when the roller system is used, but the forces
among particles are more uniformly distributed, enhancing particle rearrangement within the powder bed (Figure
13). As aresult, according to Wang et a. (2020) work, the roller spreader seems to produce a smoother powder
layer with a higher packing fraction than those obtained with the blade. Finally, as shown by Lee et a. (2019), the
coordination number in the powder increases from 2.5 to 4 because the roller compresses the particle during the

spreading process.
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Figure 13 — Velocity vectorsin the case of (8) blade and (b) roller spreader. Norma force chainsin the case of (c) blade and (d) roller
spreader Nan et al. (2020).

3.2 Wall effect and jamming

The presence of the rake and baseplate constraints the particle flow within a small enclosure and induces the
presence of voids and discontinuity in the final powder layers. As shown in Figure 14, two mechanisms due to the
presence of the spreader rake were identified, i.e. (a) the static wall effect and (b) formation of force-arches and

jamming.

ia) () et ¥
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i "“x_
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Figure 14 — Schematic illustration of a) wall effect and b) jamming due to force arch Y ao et a. (2020).

The static wall effect refersto the reduction of packing fraction generated by vacant sitesin the packing due to the
presence of walls. Infact, the voids between particles and walls are larger than those between particles. This effect
isthetypical effect encountering when a discrete medium is confined in a container, and its effect is enhanced as
much the characteristic dimension of the container becomes comparable to the dimension of the discrete medium.
This effect is particularly important in the spreading process because the gap height is comparable to the powder
size. Karapatis et al. (1999) provided an analytical expression to estimate the porosity related to the wall effect
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d,,.; compared to the total porosity @qq:a1, @suming an orthorhombic arrangement of monodisperse particles

(with adiameter d) in acylinder (with adiameter D and aheight H):

Pyar ¢ (7+D)
Protal 08+ 4 (% + %)

According to Chen et al. (2019), the static wall effect is negligible if the dimension of the gap is several orders of

magnitude bigger than particle size, as %—@ for D > d, but it is relevant otherwise, i.e.

total Piotal

[}
wall N

1/ (0.8% + 1). The increase of gap height decreases the importance of the static wall effect.

The second effect is related to the movement of the wall and refers to the random formation of force-arches and
transient jamming close to the rake, which produces afurther reduction section of the passage of the powders. The
formation and breakage of these force aches enhances the fluctuation of stress and particle flow and, finaly,
determine inhomogeneity in the powder layer and empty patches as can be found in Chen et a. (2019); but dsoin
the work of Yao et a. (2020). Transient jamming of particles before the blade is a dynamic phenomenon that
consists of the formation and breakage of arches, and its survival time is about 10“s. The frequency of the
jamming phenomena is correlated to the survival time of the jamming events so that the shorter jamming is
observed more frequently. Moreover, Nan et a. (2018) noted that the increase of gap height decreases the

frequency and the survival time of the jamming events, resulting in more uniform powder spreading.

3.3 Cohesion

It iswell known that fine particles exhibit cohesive behavior. Cohesive granular Bond number defined astheratio
of adhesive to gravity forces, Bo, = F;/mg, can be used to distinguish cohesive powders (Bog, > 1), from
cohesionless powders (Bo, < 1). Castellanos, (2005) described the adhesive inter-particle forces which arise from
capillary effects, electrostatic attraction, and van der Waals interactions. Cohesive interparticle forces become
increasingly relevant compared to gravitational force as particle size decreases as described by Parteli et a. (2014).
When the powder humidity level is kept at alow level or remove by vacuum-drying before use, liquid bridges
between particles can be considered absent and, consequently, capillary force negligible as found in literature
works astheoneof Li et a. (2016). Moreover, Meier et a. (2019b), who focused on conductive powders with a

diameter below 100 um, states that electrostatic forces are orders of magnitude lower than van der Waals forces.

DEM simulations have shown the connection between the fluidity of powders through the blade gap while
spreading, Bond number Bo, and particle size. Bond number Boy is inversely proportional to the square of the

particle size, and a decrease of particle diameter below ~100 pum leads to a sharp increase of Bo, much above 1.
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As Boy increasesin the range 0 — 3, and particle size decreases until ~ 40 pm, the fluidity of powder increased as
well, and the decreasing of particle size can be considered beneficial to powder fluidity. Contrary, further increases
of Bo, above 3 and a decrease of particle size below ~ 40 pum decreased powder fluidity, causes powder
agglomeration and reduces the packing density because of the predominance of van del Waal forces as described
in the works of Chen et al. (2019), (2017). Cohesiveness can play a double role depending on the magnitude of
cohesive forces. In fact, as cohesiveness increases, small particles tend to adhere to larger particles resultingin a
more homogeneous layer. In contrast, Wang et al. (2020) noticed that the homogeneity decreases if the cohesive
forces exceed a large value because of the difficulties of particles in rearranging themselves under the action of
the spreading system. The effect of powder cohesiveness on the quality of powder layersis shown in Figure 15.

Maet a. (2020) have proposed a simplified expression for the flowability in terms of energy ratio, defined asthe
ratio of potential energy associated with van der Waals forces and potential energy associated with gravity.

According to that definition, flowability is proportional to 1/y,, and, in turn, to hR?

¢q» Where h isthe height of the

gap and R? ¢q isthe equivalent radius.
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Figure 15 — Effect of powder cohesiveness on the quality of powder layers adapted from Wang et a. (2020)

3.4 Powder segregation

Particle segregation consists of the demixing of the initial powders, leading to spatial non-homogeneity of particle
size distribution, shape or other physical properties. Among the many segregation mechanisms, sifting segregation
or percolation has been hypothesized to occur during the powder spreading. Percolation consists of the passage of
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particles through temporary voids in the powder packing and usually leads to the separation of particles by size.
This effect is enhanced in the presence of a powder with awide particle size distribution because the finer fraction
isableto movethrough the voidsformed by the coarser fraction. This effect can lead to ademixing and segregation

of the powders, with stratification of the finer fraction on the bottom and the coarser fraction on top.

As shown by Lee et a. (2020), during the movement of the blade, coarse particles are segregated to the front
surface of the moving pile and, as the spreading proceeds, the particle size distribution changes (Figure 16). The
segregation effect due to convection/circulation in the moving heap was also observed in the case of a roller
spreader as described by Nan et al. (2020).

When percolation leads to segregation, there is no improvement of packing density nor flow rate through the gap
between the baseplate and the blade. Chen et a. (2019) also described how percolation is a detrimental
phenomenon because it could make the use of bimodal powders ineffective. It has been shown that powder
segregation has areal impact on the local packing fraction, but contradictory results were obtained concerning the
inhomogeneities along the direction of the spreading. In fact, for some studies, the finer fraction is more likely to
deposit at the beginning of the spreading process and the coarser at the end, whereases opposite results were found
by other researcherslike Mufiz-Lermaet al. (2018). In that context, the role of cohesion could have played amajor
role, astheinitia agglomerates might be broken by the shear strength during the spreading process and resulting
in the deposition of the finer fraction only at the end. Lee et a. (2020) also underlined that the spreader velocity
can influence segregation because an increase of the rake velocity may lead to a partial remixing of the powders

and, finally, resulting in a particle population more similar to the pristine powder.

Segregation was also observed in the case of the roller spreader, and in particular in the case of small gap height
(similar to the case of the flat blade) and high rotational speed. In fact, Nan et al. (2020) evidenced that high

rotational speed enhances particle convection and, finaly, triggers segregation mechanisms.

As aforementioned, segregation is also able to separate particles by shape. This effect has been observed with Co-
Cr-W-Mo dloy powders. Pal et al. (2021) also described how spherical particles easily percolate and were
deposited at the starting locations whereas the irregular-shaped particles were found in the ending location.
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Figure 16 — Schematic of powder spreading: ) powders are collected from the powder supply chamber and b) spread on the build
platform Pal et al. (2021).
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4. Powder spreadability

4.1 What does spreadability mean?

There is alack of knowledge and understanding concerning the spreadability of powder in AM manufacturing.
American National Standards Institute (ANSI) has put the " spreadability" asacrucia gap in AM process because
“there is no known description of spreadability or standard for how to quantitatively assess powder spreadability ”
America Makes and ANSI Additive Manufacturing Standardization, (2017). 1ISO/ASTM 52900 defines
“spreadability” as “the ability of a feedstock material to be spread out in layers that fulfill the requirements for
the AM ”. Moreover, it is reported that the draft document 1ISO/ASTM WK55610 does not explicitly include the
concept of spreadability but only of shear and dynamic flow properties and refers to the ASTM standards ASTM
D6128, D6682, D6773, and D7891 for shear cell tests and wall friction tests America Makes and ANSI Additive
Manufacturing Standardization, (2017).

Desai et a. (2019) defined spreadability as “the ease with which a powder will spread under a set of load
conditions”, in analogy to powder flowability defined as “the ease with which a powder will flow under a set of
operating conditions”. Many authors have strongly associated spreadability with flowability, although high
flowability not necessarily implies high spreadability.

The problem concerning spreadability can be resumed as the following:

1. thereisnot aunique description of spreadability;

2. thereisno standard procedure for measure powder spreadability;

3. difficultiesin correlating intrinsic powder characteristics with spreadability;
4. difficultiesin correlating standardized tests with spreadability.

A highly spreadable powder is such a powder that is able to produce powder layers having the following

characteristics:

high packing density;

layers with a smooth profile;

controllable layer thickness;

spatia uniformity of its property, i.e. absence of particle agglomerates, voids, and empty patches;
alowing high blade speed.

o~ N PE

Thedifficulties arising in understanding and defining powder spreadability and spreading quality are related to the

complexity of such a process and the numerous variables involved:

1. Feedstock characteristics: intrinsic properties (materias, size, and size distribution, shape), flowahility,

and ability to form dense packings,
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2. How conditions (spreader characteristics, spreader gap height, spreader vel ocity)

3. Environmental conditions (humidity, temperature, inert gas flow).
4.2 Spreading metrics
Various metrics have been proposed so far for characterizing the quality of the spreading:

e qualitative visual inspection in the work of Snow, (2018);

e percent of coverage as proposed by Meier et al. (2019a; Snow et a. (2019);

o rate of powder deposition by Snow et al. (2019);

e avalanching angle of the powder pile;

e average avalanching angle of the powder pile as found in the work of Snow et al. (2019);

o rate of change of the avalanching angle pile al'so by Snow et al. (2019).

e powder bed density as suggested by Cordovaet al. (2020a)

o surface profile and roughness of the layer aslargely debated in the following literature work Chen et al.
(2020); Meier et a. (2019a); Snow et al. (2019).

4.2.1 Visual inspection and percent of coverage

Whereas the purely visual inspection of the power layer formed after the spreading of the particles is only a
gualitative measure and subject to biases of the operators or judges, the use of an overhead camera and the
subsequent image analysis can be used to assess the percentage of the build plate covered by powder. The image
of the plate captured after powder spreading is binarized in order to obtain a black/white image. The percentage
of coverage is the ratio of white pixels to black pixels. The full description of the technique can be found in the
works of Hulme-Smith et a. (2021) and Snow et a. (2019). The value obtained from this measure can be an
indication of the powder spreadability, in the sense that the higher percentage of coverage indicates the higher
spreadability (Figure 17). This metric presented the advantage of being simple to measure, and its interpretation
is straightforward. Still, it is not able to give direct information on the uniformity of the powder bed density.
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Figure 17. Determination of the percentage of layer coverage by using image analysis Snow et a. (2019).
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4.2.2 Metrics based on the dynamic avalanching angle test

An applicator tool that imitates the conditions of powder spreading in AM equipment can be used as a dynamic
avalanche angle test. The applicator can be coupled with asimple visible camera as done by Chen et a. (2017), a
digital microscope as in the work of Snow et a. (2019), or a high-speed, high-energy X-ray imaging system as
proposed by Escano et a. (2018). The first metric that can be identified in such atest is the deposition rate of the
powder. As shown in Figure 18, from the images captured during the test, it can be possible to measure the cross-

sectional area of the powder pile A and itsrate of change dA/dt, and finally, the deposition rate as follows:

_ dA
m = ‘DaLE

where p,, is the apparent density determined by ASTM M212, and L is the width of the metal plate. It should be
noted that it is not guaranteed that the apparent density as measured by ASTM M 212 corresponds to the apparent
density achieved in the powder bed.

Further metrics consisted in measuring the avalanching angle of the powder pile 6 (or the time-averaged
avalanching angle 0) and its rate of change d6@/dt. Those metrics refer to typical variables connected to powder
flowability. The powders having high 8, d6 /dt and 6 are considered high flowabl e powders and result in a powder
bed uniformly spread in a thin layer. Contrary, high 6, d6/dt and 6 are related to powder that exhibited
avalanching behavior and poor flowability and, finally resulting in low plate coverage as demonstrated by Snow
et a. (2019).

Figure 18 - Avalanching video taken from the digital microscope Snow et a. (2019).
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4.2.3 Powder bed density

A measurement of the powder bed density can be performed capturing the metal powder from various location in

the powder bed and measuring the density asthe ratio of powder mass over the volume:

Ty

Ppp = v

Various solutions are reported in the literature to solve the problem of sampling the powder bed. Karapatis et a.
(1999) performed simplified tests consisted of depositing the metal powders with a metallic ruler in a cylindrical
container, 500-1500 um depth (depending on the powder size) and having a diameter of 65 mm. Liu et a. (2011)
built by SLM a box container with an internal dimension of 30x30x30 mm and weighted the powder within that
box. Jacob et al. (2016) developed a specia container by using a morphological box, a tool to solve multi-
dimensional, non-quantifiable problems through the exclusion of illogical solutions. The container that resulted
from such an analysis was constituted of acylinder with aconical lid whose dimensional characteristicsweretaken
according to ASTM B212 (2009) standard for a density cup. Such a container can be used to sample the meta
powder from different locations on the build plate. The powder bed density can be determined by weighting the
mass of powder captured and V the volume of the cavity (determined by filling the specimen with water).

Cordova et a. (2020a) used the relative density defined as the ratio of the apparent density pg,,, and the true
density of the materid p;,. @ a metric to determine the spreadability of powders. The apparent density was
defined as the ratio of the mass of powder needed to obtain alayer of length L and the volume of powder bed V;
IV was determined from the layer length, width and thickness.

X-ray micro-computed tomography was used by Mufiz-Lerma et al. (2018) to study the powder spread density
(Figure 19).

Spread density: SAT %

Figure 19 — 2D and 3D image reconstruction obtained using micro-CT scans of three different powders Mufiiz-Lermaet a. (2018).
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An alternative method to measure the powder-bed density is shown Figure 20. It consists of injecting aUV -curable
polymer solution in different locations in the bed, curing the solution to bind the powder, and, finally, using 3D
nano computationa tomography (3D nano-CT) to measure the density of each sample as done by Ali et al. (2018).
A possible solution consists of 95% Bisphenol-A ethoxylated diacrylate (BAE) and 5% of the photoinitiator
Irgacure 819 (5 wt%). The most important parameter to consider is the viscosity of the solution, which should be
low enough to allow the spreading of the solution into the powder bed without changing its compaction, but also
not too low so that the solution can not bind the powder effectively. The solution can be dispersed using a
pneumatic liquid dispensing system placed at an appropriate distance from the bed. Finally, the solution can be
cured using a UV lamp and irradiate the system for less than a minute, creating a solid polymeric system that
entrapped the metal powder. The sample can be analyzed using a nano-CT scan and, consequently, its three-
dimensional structure can be reconstructed, and the powder-bed compaction density can be determined from the

ratio of the volume of particles and the total volume the region of interest (ROI) of the sample:

V;) 100
=——X
PprB Veor

Figure 20. Powder bed density measured after the @) spreading, b) dispersion of UV -curable solution, ¢) curing the solution and d)
perform nano-CT and postprocess the data. Modified after Ali et al. (2018).

4.2.3 Qurface profile and roughness of the layer

Since a powder is a discontinuous medium, it forms an irregular profile determined by the shape and the
arrangement of the single particles within the powder bed. As shown in Figure 21, the roughness of each spread
layer is aso determined by the roughness of the previous, fused/sintered layer. Usually, the surface roughnessis
associated to arithmetical mean deviation as can be read in the work of He et al. (2020):

1 l
R, = —f |z(x)|dx
! 0
where [ isthe sampling length and z(x) isthe vertical deviation from the mean line, i.e. z(x) = h;, — h,,.

35



O©CoO~NOOOUTA,WNPE

OO0 OTOOITOTARADDRADMDBDADEBDIMNDIEDRERDRDNWWWWWWWWWWNNDNNNNNNNNRERRPRPERPERPRPRERERE
OORWNRPOOO~NOOUODPRWNRPFPOOONOUPRAWNRPRPOOONOURWNPOOO~NOOPAWNPOOONODUORMAWNEO

Some authors, as Meier et al. (2019a), associated also the standard deviation of the profile heigh to surface

roughness in order to evaluate the spatial homogeneity of the layer profile.

: PO DR LAYER

Figure 21 — Illustration of surface roughness.

Whereas surface profile and roughness are easily assessable for numerical simulations as proved by Meier et al.
(2019a), many difficulties arise in the experimenta investigations because powders tend to modify their
arrangement when touched or moved, compromising the reliability of measurements. Laser profilometry can be
used to measure the surface roughness in the powder layer because it can be performed in situ and avoid any
contact between the powders and the instrument. As shown in Figure 22, the advantage of this technique liesin
the ability to capture the surface profile of an extended testing zone (e.g. 64 mm?), although the resolution of the
instrument can limit the capture of the profile of very small particle (e.g. < 10 um) as described by Chen et al.
(2020).
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Figure 22 — (a) Experimental setup and example of (b) surface morphology and (c) height profile of a powder layer obtained with laser
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4.3 Spreadability related to standardized tests

Many researchers tried to assess powder spreadability through standardized tests, such as hall flowmeters and
powder rheometers, and related them, at least qualitatively, to flowability measurements, see Table 6.

Table 6 — Summary of the standardized tests to access spreadability

Method

Characterization parameter

Link with spreadability

Higher itsvalue, lower the spreadability because of the higher flowing

Rheometer (FT-4) Basic flow energy (BFE) resistance Brikaet al. (2020); Clayton, (2014); Clayton et al. (2015).
Exceptions have been shown Balbaa et a. (2020).
Rheometer (FT-4) Specific energy (SE) Higher its value lower the spreadability because of the higher flowing

resistance Balbaa et al. (2020); Brikaet a. (2020); Clayton et al. (2015)

Rheometer (FT-4)

Conditioned bulk density (CBD)

Higher its value, higher packing density Balbaa et al. (2020); Brikaet al.
(2020)

Rheometer (FT-4)

Compressibility index (Cl)

Lower itsvalue, higher packing density Brika et al. (2020)

Rheometer (FT-4)

Permeability (pressure drop, PD)

Higher permeability (lower PD), higher packing density because of the
better ability to release entrapped air Brika et a. (2020)

Rheometer (FT-4)

Aeration energy (AE)

Lower its value, higher powder bed uniformity because of alower
tendency to agglomerate Brika et a. (2020)

Rheometer (FT-4)

Cohesion coefficient (c)

Lower its value, powder bed uniformity because of alower mechanical
interlocking and higher tendency to shear Brika et a. (2020)

Rotating Drum (Revolution

Higher its value, lower spreadability because of greater resistance to flow

powder analyzer) Avalanche angle (AA) Kiani et al. (2020); Snow et al. (2019)

Rotating Drum (Revolution Higher itsvalue, lower spreadability because of greater resistance to flow
powder analyzer) Break energy (BE) Kiani et al. (2020)

Rotating Drum (Revolution Avalanche energy (AE) Higher itsvalue, lower spreadability because of greater resistance to flow

powder analyzer)

Snow et al. (2019)

Rotating Drum (Revolution
powder analyzer)

Avalanche average angle

Higher its value, lower spreadability because of greater resistance to flow
Snow et al. (2019)

Rotating Drum (Revolution

Avalanche surface fractal

Lower its value, better flowability with no agglomeration Sillani et al.

powder analyzer) (2019)
Hall Flowmeter Apparent/bulk density (p,) Poor connection with the lower II| g;l ; of packing density in the powder
Hall Flowmeter Tap density (pr) Poor connection with the upper | II ;n;; of packing density in the powder
Hall Flowmete Hausner rato (HR) Succefl spreading With o Tk of usion porosty ITHSR <1.2
Higher the AOR, higher powder cohesion and lower flowability Tan et al.
Hall Flowmeter Angle of repose (AOR) (2017). Higher the AOR, poorer the spreadability Snow et al. (2019).
AOR > 40° exhibited poor flowability for high spreading velocities
Unsuitable method: powders that were not able to flow freely through the
Hall Flowmeter Hall flow rate (HF) funnel were spread without problems Choi et al. (2017; Mitterlehner et al

(2021); powders with the same flow rate presented different spreadability
Clayton et al. (2015).

4.3.1 Hall flowmeter tests

Many tries have been done for correlating spreadability to Hall flow test asit is cheap and simple to perform. Hall
flow test can be used to measure bulk properties such as apparent/bulk p, tapped density p, and Hausner ratio
(HR), the angle of repose (AOR), and the flow rate. However, the limitation in the use of Hall flow tests has been
largely demonstrated. In fact, Hall flowmeter measurements are affected by a number of parameters, such as
morphology, surface roughness, surface chemistry, size distribution, and environmental conditions as described
by Slotwinski and Garboczi, (2015), and produce reliable measurements only for free-flowing powders as
confirmed by Clayton, (2014). The limitation of Hall flow rate measurement has been shown by Choi et a. (2017),
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which were able to successfully spread two different stainless steel powder samples, where one of them was not
able to flow through the Hall flowmeter. Furthermore, Clayton et a. (2015) showed that powders having similar
AOR and HF performed differently in an AM process. On the other hand, some authors as Dobson and Starr,
(2020) and Haferkamp et al. (2020) have suggested the use of HR as an indicator to understand when the spreading

isimpeded, and the relationship between flowability, particle size, and interparticle forces.

AOR is usually considered a reliable indicator of powder spreadability. AOR can depict various situations that
affect powder spreadability, i.e. AOR < 30° depicts high flowability, whereas AOR > 40° suggests the presence
of powder cohesion, see the work of Tan et a. (2017). As shown by Snow et d. (2019) that AOR can be used to
predict the spreading performance. They found that various spreading metrics, i.e. deposition rate, percent of
coverage and rate of change of the avalanche angle of a powder pile, have statistical dependencies on AOR, see
Figure 23.

Figure 23 — Spreading metrics as a function of AOR measurements Snow et a. (2019).

4.3.2 Rheometer/FT4 Freeman powder rheometer technique

Powder rheometers offer various tool s to characterize powders flow and can provide reliable measurement of bulk

properties, such as density, compressibility, and permeability, but also concerning dynamic flow and shear
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properties, see Figure 24. Dynamic powder tests consist of determining the axial and rotational forces acting on a

rotating blade throughout the whole height of the sample.

Basic flowability energy (BFE) is the energy measured in mJ needed to the blade moving downward in order to
displace powders in a specific flow pattern and flow rate in a given volume of powder. BFE is related to the
cohesive forces and powder compressibility, and a higher value corresponds to lower powder flowability.
Researches tried to quditatively link BFE to spreadability, arguing that lower BFE values indicate a better
spreading performance as suggested by Clayton, (2014); Clayton et a. (2015). Nonetheless, there are examplesin
the literature where this measurement was not in agreement with the flowability/spreadability exhibited by the
powder asin the case of the work of Balbaa et al. (2020).

Specific Energy (SE) measures the flowability in alow-stress field and is measured similarly to BFE but with the
blade moving upwards. Similar to BFE, Clayton et al. (2015) suggested that higher specific energy was connected

to powder more resistant to the motion and, consequently, to lower spreadability.

Conditioned bulk density (CBD) is the bulk density measured with powders with no stresses applied and is
considered as an indicator of the packing tendency as mentioned by Balbaa et al. (2020) but aso by Brika et al.
(2020). The compressibility index (Cl) is defined as the ratio between density after compression and conditioned
bulk density, and it is a measure of the magnitude of interparticle interactions as discussed by Brika et a. (2020).
FT4 isable to determine the permeability (pressure drop, PD) of the powder bed, calculating the pressure drop of
air passing through the bulk of the sample. The higher the powder permeability, the easier is the release of
entrapped air, finally resulting in powder layers with higher packing fraction as documented by Brikaet al. (2020).
Aeration energy (AE) is the energy to displace an aerated powder and gives an indication of the cohesive forces
and the mechanica interlocking between particles. As explained in the previous section, high cohesion and
mechanical interlocking can be detrimental in the formation of dense and homogeneous powder layers as
descriptded in the work of Brika et al. (2020). At the same time the author shows that the cohesion coefficient
represents the shear strength at zero normal stress; a low value indicates a high tendency to move from a static
state to a dynamic flow.
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Figure 24 - Schematic diagram of the rheological test available using FT4 Powder Rheometer Wei et al. (2017).

Brika et al. (2020) proposed an index called AMS (AM suitability) to measure the overall suitability of powders
from FT4 measurements:

1
AMS=(ﬁ+CI+PD+SE+AE+BFE+C)/7

where p, is the conditioned bulk density, Cl the compressibility index, PD the pressure drop, SE the specific
energy, AE the aeration energy, BFE the basic flowability energy and ¢ the cohesion coefficient; each value is
normalized among all the powders studied. According to the authors, the lower the AMS value, the higher istheir
suitability for AM manufacturing. In contrast, it is reported that the use of FT4 measurements on some spreading
metrics was unsuccessful as discussed in the work of Snow et al. (2019).

4.3.3 Rotating Drun/Revolution powder analyzer

The core of the Revolution powder analyzer consists of arotati ng drum coupled with adigital camerathat collects
the images of the powder during rotation and, through their analysis, is able to measure the flow properties of
powders. Sincetheinstrument measures flowability inlow-stress situations, some authorstried to correl ate specific

measurements obtained with the instrument, such as the avalanche angle, to spreadability.

o Avaanche angle (AA) is the angle obtained from a linear regression of the free powder surface at the
incipient occurrence of an avalanche.
e Break energy (BE) isthe maximum energy level of the powder before the occurrence of an avalanche and

represents the energy required by the powder to start an avalanche.
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o Avaanche energy (AE) isthe energy released by an avalanche and is calculated by the energy difference
between the energy after and before an avalanche proposed by James, (2019).

It has been found that the higher AA and BE value, the lower spreadability because of greater resistance to flow.
Although further investigations are needed, Snow et a. (2019) demonstrated that AA, BE and Avalanche average
angle are able to correlate with some spreading metrics, such as the deposition rate, percent of coverage, and rate

of change of the avalanche angle of a powder pile.
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5. Characteristics that impact spreadability

The complexity of powder spreading lies in the number of variablesinvolved in the process:

1. Feedstock materials;
2. Particle morphology, size and distribution;
3. Moaoistureinfluence and pre-treatments;

4. Blade geometry, gap thickness and vel ocity.

5.1 Feedstock materials and batch-to-batch variability

In AM community is well known that the differences between batches of feedstocks can lead to differencesin
powder spreading and, consequently, variability in the quality of final products. Testing powders using powder
rheometer has highlighted the differences between batches in terms of both basic flowability energy (BFE), which
isthe energy related to the displacement of powdersin a non-gravitational forced flow, and specific energy (SE),
which is related to the flowability of unconfined powders. In particular, it has been shown that different batches
of powders produced from the same supplier, virtualy having the same particle size distribution and resulting in
similar angles of repose, exhibited different behavior. Powders with low specific energy showed acceptable
behavior, whereas those with high specific energy caused blockages and poor deposition due to the increase of
mechanical interlocking and friction as discussed in the work of Clayton et d. (2015). Variability was also

observed for powders having similar characteristics but produced by different suppliers.

5.2 Particle size, size distribution and shape

The size and shape of particles are fundamental properties to be taken into account as they influence the powder
cohesiveness and, finally, flowability and spreadability. It is generally accepted that spherical and smooth powders
are preferred because they usually spread in a more uniform powder layer than non-spherical, irregular-shaped
powders. Brika et al. (2020) demonstrated that a batch of powders produced via gas atomization, which are less
regularly shaped, produced higher powder layer porosity than plasma atomized powders, which are more spherical.

Meier et a. (2019a) used DEM simulationsto demonstrate that as particle size decreased, and in turn, cohesiveness
increased, the quality of powder layer decreased as well, showing the presence of high surface roughness, larger
cohesive particle agglomerates, less dense regions, and spatia variations of packing fraction and height profile.
Whereas a low packing fraction can be managed in the following process step by changing process parameters
accordingly, spatia variations cannot. It has been shown that 10-20 um can be considered a critical size for

powders because, although they sinter fasters, they dramatically reduce the quality of powder layers.
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The presence of satellite particles can also be a problem in the spreading process. Satellite particles increase the
interparticle friction, decrease flowability, and often cause the inconsistent spread of the powder bed. This
condition was observed both in the work of Mussatto et a. (2020) and Zhao et al. (2020).

Particle size distribution is afundamental aspect to be taken into account because it influences powder flowability
and the packing fraction of the power layers after spreading. Depending on the production route of powders, the
sieving of specific fractions, or the mixing of powders with different sizes, the powders used in AM can have a
narrow size distribution close to monodispersity or be extremely polydisperse. The mixing of multiple powders
can lead to multimodal -distributed powders, e.g. bimodal and trimodal powders. The maximum packing fraction
(or apparent relative density) of mono-sized powders is about 0.74, whereas the actual value reached in random
packing is much lower. In principle, as shown in Figure 25, Zhu et a. (2007) demonstrated that the presence of
powders having alarge ratio of radii can be beneficial to reach the higher packing fraction because finer particles

fill the voids between coarser particles.

Generally, a narrower particle size distribution provides better flowability but alower packing fraction as found
in the work of Averardi et al. (2020). Similar conclusios were found aso in the work of Liu et a. (2011). On the
other hand, for wider distribution, if the presence of fine powdersis consistent, rheological behavior is affected
negatively because of higher inter-particle friction and cohesion as discussed by Brika et al. (2020). In the same
year aso Kiani et a. (2020) found similar results. Fine powders play a contrasting role; from one hand, the
presence of fine powders can increase the packing density as they fill the voids among bigger particles, on the
other, a high amount of fine powers below 20 um can determine agglomeration phenomena and, finally, lack of
uniformity inthe final powder layers. Dobson and Starr pointed out the importance of fine particulate and showed
that a 17-4 PH stainless steel powders having the 30% (on volume basis) of fine particles (below 15 pum) was
spread successfully whereas it was not possible to spread the powder when the amount of fine particle was about
55% as demonstrated by Dobson and Starr, (2020).

Some researcherstried to established guidelines on the appropriate particle size distribution to be usedin AM. The
following rule of thumb for selecting an appropriate particle size distribution was proposed by Karapatis et al.
(1999):

DSO D90
D90 < hspreader: D_ =10, —<19
10 10

which gives a constraint on the maximum size of particles with respect to the spreader clearance and on proportion
of finer and coarser fraction, i.e. 50% of the particles should be 10 times bigger than the 10% of the finer fraction
and the size ratio between the coarse and the finer fraction should be 1:20. Spierings and Levy, (2009) proposed

different requirements for spreading powders in thin layers:
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tlayer D90
—— = 1.5, — = 5, Dig>5
Do Dio 10 = oK

which indicatesthat the effective powder layer thickness should be 50% higher than the size of the coarser fraction,
the size ratio between the coarse and the finer fraction about 1:5, and the finer fraction about 7.5 times smaller

than ¢;,yer, and above 5 um to avoid powder agglomeration.

The use of bimodal powers can be beneficial to increase the packing fraction of powder |ayers without compromise
the flowability. Bai et al. (2015) explained that bimodal powders are usually generated by mixing powders with
different mean size and narrow size distribution; similar conclusions were proposed also by Boley et al. (2016)
When the ratio of radii of the two constituent powders is large enough, i.e. 1:7, and the volume fraction of fine
powder is about 0.2-0-4, packing density is usually higher than monomodal powders because finer particles tend

to fill the voids |eft by the coarser fraction.

Ma et a. (2020) simulated the spreading of a metal powder with a size in the range 45 — 150 um mixed with
various quantities (from 0 to 4 % in volume) of afine powder with particle size ranging between 20 and 40 pm.
As shown in Figure 26, an increase of fine fraction from 0 to about 1.5 % lead to an increase of packing fraction
and a decrease of surface roughness, whereas higher values of fine fraction result in powder layers with lower
packing fraction and higher surface roughness. Those results confirmed the experimental evidence stating that a
small amount can increase the quality of the powder layer because the smaller particles fill the voids between the
bigger ones, whereas fine particles above a certain amount create problems in the spreading because cohesive
forces become significant. Two mechanisms have been used to explain the effect of fine powders. When the fine
fraction is in the range 1.5 — 2.5 %, the packing fraction decreases because interlocking and rotational inertia
increase, whereasfor finefraction above 2.5 %, the decrease of packing fraction should be attributed to the creation

of clusters from the smaller particles under the attractive van der Waals force according to Ma et al. (2020).
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Figure 25 - The schematic of the effects from combinations of different sizes Tan et a. (2017).
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Figure 26 — @) Packing fraction and surface roughness as a function of % of fine fraction Maet al. (2020).

The effect of different powder shapes has also been investigated. Rod-shaped particles were investigated using
various aspect ratio, from 1 (spherical particles) to 2.5, showing that the increase of aspect ratio leads to lower
packing density and higher surface roughness. Similar to the case of spherical particles, the spreading of rodsis
affected by the type of spreader and its velocity. It has been shown that decreasing the spreader velocity can be an
effective method for increasing packing density and decrease roughness. Moreover, Haeri et d. (2016) affirmed
that the spreading performed with aroller type spreader results in high bed quality compared to the flat blade
because of its more efficient contact dynamics due to the higher surface of contact and dynamics of a particle

flowing through the spreader gap.

A most important undesired effect due to powder segregation isthe spatial variation of powder bed properties. As
shown by Ali et al. (2018), the powder bed density decreases aong the moving direction of the recoater. In fact,
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as explained in Figure 27, as the recoter moves, the finer particles are deposited first because are able to percolate
through the voids that bigger particles form during their movement. Smaller particles are able to better fill the
voids and, finally, produce layer with higher packing density. Size segregation lead a change in particle size
distribution within the moving heap and, consequently, a change of particle size distribution aong the recoater

moving direction.
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Figure 27 — Powder bed density at different locations, i.e. front (F), middle (M) and back (B) of the bed Ali et al. (2018).

5.3 Humidity

It is well known that humidity can dramatically change the flow behavior and the bulk properties of powders
because it causes the formation of liquid bridges between particles, and finally, to interparticle capillary forces as
discussed in the works of Landi et a. (2011) and later by Ma et al. (2019). Moreover, the moisture adsorbed on
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particles can lead to surface modifications, such as the formation of an external oxide layer as demonstrated by
Cordova et d. (2020a), that inevitably influence the interactions between particles, e.g. friction and cohesion
forces. In AM manufacturing, humidity is considered an important issue, asit can result in poor spreading quality,
poor quality of the printed components, and lead to alack of reproducibility.

As a generd rule, Lefebvre et al. (2020) affirm that moisture adsorption and desorption depends on RH in the
environment and the surface area, but also on the nature of the material. Engel and Bourell, (2000) observed that
titanium alloy powers exhibit poor flowability/spreadability without a thermal pre-treatment able to reduce
moisture adsorbed over the particles. The deeper analysis on plasma atomized titanium powder presented by
Lefebvre et d. (2019) demonstrated that the moisture uptake is fast and reversible and showed that there could be
a substantial decrease of flowability with the increases of RH. As shown by Mufiz-Lerma et al. (2018), the
flowability and the apparent density of aluminum powders are affected by RH. Their results suggest that the
moisture is adsorbed easily in the presence of a high fraction of fine particles because of their high surface energy,
leading to non-uniform spreading. The effect of moisture on the spreading of Inconel 718, Ti6Al4V, AlSi10Mg,
Scalmalloy powders was analyzed by Cordova et a. (2020a). Mitterlehner et al. (2021) tested nickel-based
superalloy powders conditioned at RH 0% and 75%, showing that the humid conditioned power resulted in powder
layers with a higher amount of empty patches compared to the dried powder. Moreover, they hypothesize the

existence of an RH threshold over which powder layers cannaot be dense anymore.
5.4 Powder reuse

Powder spreadability can change in the case of the reuse of powders. The multiple reuses of powders can lead to
changes in powders morphology and, consequently, in the flowing behavior during the spreading. Cordova et al.
(2019) proposed a diagram to be used to decide the feasibility of reusing the powder in a specific application and
with a specific material, see Figure 28. In fact, literature data showed that the recyclability of powdersis not a
straightforward operation, depends on material and particle size distribution, and often lead to contradictory
results. Tang et al. (2015) showed that the multiple reuses of Ti-6Al-4V powders with a Dso in the other of 70 pm
can result in less spherical and rougher particles and, after many cycles, also to the disappearance of satellite
particles, but it has also been observed changes in the particle size distributions as suggested by Strondl et al.
(2015). Unfortunately, research groups reached contradictory conclusions on the effect of recycling on powder
flowability/spreadability. On the one hand, it has been claimed that the flowability of reused powders increased
because of the reduction of satellite particles and the lower content of moisture due to longer exposure to vacuum
as indicated by Tang et al. (2015), whereas, on the other, reused powders presented a higher amount of finer
particles after recycling and, findly, lower flowability. A similar analysis was conducted using a nickel aloy
powder with Dsg of about 30 um and led to the conclusion that reused powders contained a larger fraction of

coarser particles because a consistent amount of the finer particles is lost during the process. As a result of this
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shift in particle size distribution in favor of coarser fractions, used powder exhibited better flowability according
to Strondl et al. (2015). Reused Inconel 718 powders exhibited lower sphericity compared to virgin powders, and,
consequently, the powder bed presented lower apparent and tapped densities as observed by Chandrasekar et al.
(2020) or by Nguyen et al. (2017) in an earlier work.

Sutton et a. (2020) found that the density of the powder layer formed by AlISI 304L stainless steel powders
increases as a result of recycling, and suggested that this effect is due to the increase of flowability/spreadability
in reused powder, see Figure 29. In fact, they showed that reused powder exhibited a lower avalanche angle,
avalanche energy, and higher conditioned bulk density. The authors suggested that this improvement can be
ascribed to the decrease in the number of fine particles and the increase of powder circularity. The shift of particle
size distribution towards coarser fraction and the consequent increase of packing density was aso observed by
Seyda et al. (2012) for Ti-6Al-4V powders and S17-4 PH stainless steel powder by Jacob et al. (2017). As
suggested by Sutton et al. (2020), another reason for the increase of flowability/spreadability can be attributed to

the formation of oxides on metals, which might lead to a reduction of friction and surface energy.

49



O©CO~NOUOPA~AWNE

OO0 UOITAORABRMDRDIDMDIMIEMDIEABREADRDDRDOWWWWWWWWWNNNDNNNNNNNRRRERPRERERPRERPRE
GORWNPFPOOONOODURARWNPFPOOONOOURARWNPFPOOONOOUIRARWNPFPFOOONOURARWNRFRPROOO~NOORAAWNEO

T
I = o 1E]
vl ool v
L
[EL]
BELS LIS 3]
T
e T
hgk
L]
|
| - - Sphomea
I
o -
— e
gk T
¥
Livlmairdnn
ipees bl lmmgy
'b
hgk
L
il e pacs
prrckor L pt
T
[ P
his -
L]
figho prpapy

gk
L]

Crians

Mg
_¥
Cemnl
Ap~ubihir ifi
' ',
ol ]
. -
T
guiar
¥
. Mpercrmsiom
[T
L]
Hrragere oas
shandal
[ P ]
4
S
e
¥
labamagon ik
ke ba il

| i

pursichor B i

Figure 28 - Reusability decision diagram based on powder properties Cordova et a. (2019).
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5.5 Powder coating

Coating of metallic powders with nanoparticles can be used as a treatment to reduce the cohesion of fine particles,
increase metal powder flowability and bulk powder density. Gartner et al. (2021) demonstrated that nanoparticles
act as artificial roughness and are able to distance metal particles, decreasing the value of van der Waals forces
and, in turn, particle cohesiveness. Coating is performed by blending in various proportions dried particles and
nanoparticles, and ensures that the nanoparticles, seen as guest particles, adhere to the pristine microparticles,
which are considered as host particles. As shown in Figure 30a, the size of both the nano-sized guest particles and
the micro-sized host particles have a great influence on the overall cohesion behavior of such asystem. As shown
in Figure 30b, two main mechanisms occur during powder spreading of such particle systems, i.e. (i) the friction
and mechanical interlocking between particles, which determine the resistance to flow, and (ii) the reduction of
the contact surface, which reduce adhesion between particles and increase the flowability of powders as discussed
inthework of Fereiduni et a. (2019).
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Figure 30 — Adhesive force between host microparticles as a function of nano-sized guest particles radius and for micro-sized host particle
diameter Karg et a. (2019) Fereiduni et al. (2019).
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Dry coating is atechnique for coating powders without the use of any liquid; host and guest particles are blended
in a mixer or a mill by suppling high energy in order to produce energetic guest-host collisions, which are
responsible for the adhesion of guest nano-sized particles over the surface of the host micro-sized particles as
discussed by Sharma and Setia, (2019). In the context of AM, various systems were testes, i.e. Peng et al. (2018)
proposed the coating of fine Inconel 718 microparticles with nano hydrophobic silica or nanocarbon, Karg et al.
(2013) proposed the coating of non-spherical powders of allowing close to the eutectic AlSi12, and Karg et al.
(2019) demonstrated that the addition of low weight percentage of nanoparticles could lead to more homogenous
spreading of powdersin thin layers and increase the relative density of LBM samples.

Wet coating can be seen as an alternative to dry coating. Streubel et a. (2018) proposed a procedure that started
from the dispersion by ultrasonication of nano-sized powder in water, the laser-irradiation of suspension in jet

flowing, mechanica mixing with steel micro-sized powder, and, finally, drying in afurnace.

5.6 Blade geometry, gap clearance and speed

The simplest spreader in AM equipment is constituted by a flat blade. It has been reported by Chen et d. (2017)
that the quality of the powder layer decreases as the blade speed increases because the powder tends to dilate,
leading to looser flow and creating discontinuity within the layer. The decrease of the gap height triggers the
formation of force aches between particles, affecting the continuity and stability of powder flow and, finally,
resulting in low-quality spreading. Beitz et a. (2019) investigate the effect of three different blade geometries, i.e.
flat, dightly round and sharp blades, demonstrating that the flat blade leads to lower roughness and better

compaction than the other blades because of its larger horizontal contact surface.

Since the contact dynamics between aflat blade and particles is considered inefficient, some attempts have been
made in order to optimize the spreader profile and increase the effectiveness of powder spreading. The use of a
super-élliptic edge profile arises from the assumption that a gradual flattening of powders and alarger contact area
can reduce the phenomenon of particle dragging and, finally, be beneficia to the spreading. The edge profile was
generated using the equation describing superellipse curves |y/a|™ + |z/b|™ = 1, where n isresponsible for the
shape (concave profile for 0 < n < 1, linear for n = 1, convex for 1 < n < 2, and a rectangle with rounded
corners for n > 2), a for width and b for height. It has been shown that the concave profile did not produce an
improvement in the quality of the final powder layer, whereas the linear profile can increase bed packing fraction
for wider profiles. On the other hand, the convex profiles showed the most promising results, especially in the case
of n around 5 and wider edges. Haeri, (2017) noticed that an optimized profile alows the increase of spreading
velocity but limiting, at the same time, the loss in spreading quality.
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Generally, theroller outperforms the blade spreader in terms of the quality of the power bed at the same operating
conditions asdemonstrated by Haeri et a. (2016). In the case of counter-rolling spreaders, theincrease of spreading
velocity reduces the quality of the powder layer because of the increasing of the surface roughness and the
decreasing of the packing density. This effect has been explained in terms of two concurrent forces, i.e. thefriction
force between the particles and the sintered/melted underlying layer and the drag force on particlesfrom theroller.
As the roller velocity increases, the drag force exerted on particles from the roller increases as well. At low
velocity, the drag force is compensated by the friction force and, consequently, the particles move under theroller,
rearrange themselves in a denser packing under the pressure exerted by the roller and, finally, quickly rest because
friction opposes the tendency of powder of following the roller. On the other hand, when the drag force is large
enough to overcome friction forces, particles do not rest immediately after they passed through the roller gap but
flow following the roller movement for a certain distance and, then, deposit on the underlying layer. In this case,

Chen et d. (2020)affirm that the powder bed shows higher surface roughness and lower packing density.

DEM simulations, performed by Meier et d. (2019a), have shown that the quality of powder layersincreaseswith
increasing blade gap height, and the optimum value to be set as gap height is equal to two to three times the
maximal powder particle diameter. In particular, Mindt et a. (2016) observed that powder bed density increased
asthe blade gap height wasincreased. On the other hand, Brikaet al. (2020) have obtained experimentally opposite
results, as the increase of blade gap height leads to lower powder bed density.

Thevelocity of the spreader can be an important factor for increasing the productivity of AM process. On the other
hand, the choice of a high velocity should be carefully evaluated considering the consequent loss of quality of bed
packed layer and reproducibility inthat conditions. Asshown in Figure 31, the increase of spreader velocity results
in powder layers with lower density and higher surface roughness, finally reducing the quality of the powder layer
as discussed by Chen et al. (2020).
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Figure 31 — @) Relative packing density and b) surface roughness as a function of spreading speed Chen et a. (2020).

6. Impact of spreadability on printed component

6.1 Density of the printed component

The density of final partsisaffected by the gap height of the recoater/blade used to spread the powders. As shown
by many authors, density decreased as the gap height increases. The decrease of density with the increase of
spreader gap heights was observed by Abd- Elghany and Bourell, (2012), who evaluated the density of the final
layer after SLM produced using 304L stainless steel gas atomized powders and three different spreader gap
heights. In fact, the spreader can exclude from the spreading the powder fraction having a size above the gap height
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so that the smaller the gap height, the finer is the powder fraction spread. The same authors, i.e. Abd- Elghany
and Bourell, (2012)also mentioned that the consequential exclusion of coarser fraction can be beneficial, aslarger
particles can form voids due to shrinkage after solidifications, cracks and layer separations at grain boundaries.
Similar results were obtained with Ti-6Al-4V aloy powders as can be found in the work of Brika et al. (2020).

Ali et a. (2018) evaluated the differencesin the density of printed components along the bed. As shown in Figure
32, density dightly decreases along the recoater moving direction, showing differences of about 0.25%. This
difference can be attributed to the non-uniformity of the spreading due to size segregation, which inevitably lead
to differencesin powder bed density and particle size distribution.
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Figure 32 — Density of the printed components at different location,i.e. front (F), middle (M) and back (B) of the bed Ali et al. (2018).

6.2 Surface roughness and dimensional accuracy

The particle size congtituting the powder layer has a strong influence on surface roughness. The simulation
performed by Lee and Zhang, (2015) showed that the contour of the melt pool is smoother when the powder layer
contains a high fraction of fine particles. They also pointed out the importance of packing density on the fina
quality, as the higher packing fraction results in better surface finish, denser parts without discontinuity and with
a smoother surface. Similar to density of printed components, surface roughness is negatively affected when the
spreader gap height isincreased as demonstrated by Abd- Elghany and Bourell, (2012).

Non-uniformity of powder spreading clearly affected the uniformity of surface roughness of the fina printed
components. As shown by Ali et al. (2018), powder segregation during spreading leads to differences in surface
roughness of about 20% aong the recoater moving direction (Figure 33). These differences can be attributed to
the gpatial variation of particle size distribution across the build bed.
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Figure 33 — Surface roughness of the printed components at different locations,i.e. front (F), middle (M) and back (B) of the bed Ali et al.
(2018).

Dimensional accuracy isaso influenced by the powder spreading. Balbaa et a. (2020) compared two powders for
L-PBF process, i.e. fine and coarse powders, which exhibited different spreadability. In fact, the fine powder
possesses lower flowability (-75%) and packing density (-30%). The less spreadable powder not only resulted in
printed components with low density and higher surface roughness but also in poorer dimensional accuracy in
both horizontal and building directions. This was explained by the tendency of less spreadable powders to form

agglomerates.

6.3 Mechanical properties

In the case of SLM, the mechanical properties of the final components are affected by (i) the rapid melting of
particles by the laser beam and their immediate cooling, which could lead to changes in the crystal structures and
phases, and (ii) phenomena of incomplete melting, porosity and micro-cracking. The effect of spreader gap height
and scanning speed on tensile strength was studied by Abd- Elghany and Bourdll, (2012) for SLM process. They
showed that the increase of gap height and scanning speed decrease, yield strength, ultimate tensile strength and
breaking elongation because thicker powder layers presented higher porosity and micro-cracking but also dueto a
less efficient melting of the powder layer with the layer below. Moreover, the higher surface porosity showed by

the thicker layers brought to a decrease of hardness value.
7. Conclusions and future research direction

Powder spreadability is afundamental aspect of AM manufacturing and requires much more research effortsto be
understood and quantified to increase the reliability and repeatability of the process and, consequently, the quality
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of printed components. Since only in recent years the concept of spreadability has turned on the spotlight and
studied systematically. There are still many gaps that need to be addressed:

development of standards and metrics quantitatively assess powder spreadability;
increasing the understanding of the spreading dynamics,
correlate feedstock characteristicsto its ability to spreadability;

1

2

3

4. correlate standardized tests (hall flowmeter, rheometers, rotating drums,...) to spreadability;

5. further investigation on the effect of powder spreading on the quality of the final printed components;
6

monitor and control the quality of powder spreading and its variability.

Like many other technological properties, the definition of spreadability is debated, and there is no accordance on
how it can be measured. ANSI has inserted spreadability asagap in AM, as nor unique description nor standards
to quantify it isavailable at the moment. Many spreading metrics have been proposed so far to answer the question
“what is a good spreading”, but none of them is proved to be effective in the complete quantification of
spreadability. Qualitatively, it isconsidered apowder with good spreadability, the onesthat form layers possessing
high packing density, spatial uniformity and smooth profile. The main problems in the quantification of powder
spreadability lies in the difficulty of generaising the problem to all the possible AM processes and the difficulty
of ng the spread layers directly. Spreading, as an intermediate step in AM process, is not directly assessed
but generally evaluated based on the final printed components. More effort should be dedicated to shortening the
research gap in this direction and, in particular, to identify the quantitative relation between powders/machine
operations and the key properties of the resulting powder layers (e.g. packing density, presence of voids,

uniformity), and between the latter and the fina printed components.

A clear understanding of the spreading dynamics represents a key factor in achieving quality improvement,
replicability, standardization and optimization in AM. Although considerable progress has been made in the past
years, the dynamic of spreadability is still not fully understood due to the complexity of the spreading process,
which involves the interaction among the spreader, powders, and the surrounding environment. Much effort would
need to understand the role of different spreader geometries, material and operational conditions, such as spreader
velocity and gap thickness, in their interaction with powders. The research has pointed out as powder
characteristics, such as powder friction and cohesion, may play a significant role in the avalanching flow of the
powder pile and shear flow in the gap between the spreader and the baseplate during spreading. Although some
mechanisms have been identified, the major gap in the research is represented by the fact that the relationship
between the occurrence of those mechanisms and powder characteristics is still unclear. From the experimenta
standpoint, investigating such a relationship is complicated by the difficulty of a direct assessment of powder
Spreading.
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A further problem is represented by the variability of powder characteristics collected from different batches or
vendors. In this sense, the support of first-principle numerical modelling (eg. DEM, DEM-CFD) for the
experimentation can be of advantage to fill this research gap asit direct assesses the spreading phenomena at the
particle level and give the experimenter the control of the powder specifications. The problem of the variability of
powder characteristics is ubiquitous Zegzulka, (2020) and is leading many researchers to explore the causes and

possible solutions.

Many efforts have been made in the past to correlate standardized tests such as hall flowmeters, rheometers, and
rotating drums to powder spreadability. However, those attempts have only partially addressed this problem and,
in some cases, have led to contradictory results. Succeeding in correlating the outcomes from standardised tests
with powder spreadability would help identify and choose the appropriate powdersto be used in a specific process
and with specific process conditions. This represents a big opportunity to increase process/powder understanding

and give professional s the suitable instruments to choose the more appropriate materials.

Further investigations on the effect of powder spreading on the quality of the fina printed components are needed
to design consistent processes. The few papers published call for deepening the investigation of the relationship
between powder spreading and mechanical behaviour, microstructure, presence of voids, formation of cracks, and
the quality and appearance of the surface of the final products. The complexity of the problem and the number of
variables involved require a more systematic and statistical approach, as also mentioned in the work of Zegzulka
et al. (2020).

None or afew studies have been published concerning monitoring and controlling the quality of powder spreading.
The development of new technologies able to measure the quality of powder layers is fundamental in ensuring
highly consistent production, optimising the process, and reducing manufacturing costs. Thereis abroad research
space in the development of new in-line devices able to catch specific properties of the layers, such as packing
density, layer thickness, uniformity and surface smoothness, during the spreading. At that point, the monitoring
and control of the spreading quality would inform an automated a gorithm on the energy intensity/duration to be
supplied to meet the specifications of the final component.

Furthermore, applying the methods mentioned above for ng spreadability can be used as a starting point to
describe the behaviour of even more complex powder systems. According to the authors’ knowledge, only a few
papers discuss composite powders' spreadability, for example, in the work of Luddecke et a. (2021), where a
nanocomposite powder containing different oxides was investigated. More specificaly, stainless stedl, tool steel
and aluminium alloy powders were reinforced via SiC, graphene, and iron oxide black. The paper's focus was on

optimising the printing parameters, and powder spreadability was thoroughly investigated.

Further devel opments could be achieved by applying Image processing steps. For example Vakifahmetoglu et al.
(2022) recently introduced an image processing algorithm based on Matlab software to examine spreadability as

58



O©CoO~NOOOUTA,WNPE

OO UIVIVIUUIUITNUVVIUADNRNDRNDRNDRAARARNDNWWWWWWWWWWRNRNNNNNNNNNRRPRRPRRERRRERPE
ORWNPRPOOONOUTROMNRPROOONOURWNRPOOONOUIRWNRPOOO~NOURNWNROOONOURNWNERO

a function of the powder size distribution or other physical properties of the material. Similar efforts could be
introduced in the future but using open source programming codes such as python to spread knowledge among

researchers and end-users.

Indeed, one crucial point to achieve in the future is reducing the complexity of the measurement of powder
properties. As long as the adopted techniques become more accessible and faster, their scalability increases and
industrialisation becomes possible. This kind of effort was observed in some literary works, e.g. the one from

Ahmed et al. (2020), who proposed a simple technique for assessing the powder spreadability.

At thetime of thisreview, all techniquesrequire that powder samples are assessed outside of the printing machine.
Asapossible future optimization, the af orementioned techniques could be moved directly into the LPBF machines
and used online during the printing process. As afurther optimization, it would be really interesting to produce a
machine routine which optimizes its printing parameters directly from the assessment of the powders using an
online feedback system. Knowing in advice the powder propertiesand tail oring the printing parameters specifically
for the processed powders could enhance the layer density obtaining higher densities after the laser melting.
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Table 1 - AM technologies used in processing metal powders.

Category Process Heat source/ Raw materials (metals) Powder size Layer Ref.
temperature distribution thickness
= (approx.) (approx.)
ective S .
Laser MIMNENStY | 1ron-pased (316L, 420, M2), titenium and Boetd.,
Melting melting point titanium based (Ti6AI4V, TiAl), aluminium- 2020;
(SLM) based (AISi, AICu, AlZn), nickel-based 10— 50 um 20— 100 Chinet
Selective high-intensit (Inconel 625, 718), copper, niobium, H Hm al., 2020;
Laser Iager /b elowy tantalum, bio-material metals-polymers and Tiwari et
Sintering . ) metals-ceramics combinations al., 2015)
Powder- (SLS) melting point
bed fusion -
(Chin et
Electron ] ] ! a., 2020,
Beam Electron Begm Ti grade 2_, Ti 6AI4\_/, Incon_el 718, CoCrMo; Gokuldoss
Mélting / abovemelting | aloys having volatile congtituents, e.g., Zn, 40 - 100 pm 50— 200 pm eal.,
(EBM) point Mg, Pb, Bi, are not advisable. 2017;
Sames et
al., 2016)
Titanium aloy (Ti-22AI-23Nb, Ti-6Al-4V,
Ti-6.5Al-3.5M0-1.5Zr-0.3Si, Ti-5Al-5Mo- (Chinet
. Powder 4V-1Cr-1Fe), Steel (10V, 15-5 PH, 410, al., 2020;
g;;e;;ed directed | P20 20O & | Aj) 300Aremet 10, A2, MM10), Nickel 20,200 1 200 g00pm | SDoori &
deposition energy melting point based superalloy (CM SX-3, Haynes188, K al., 2017,
deposition Haynes230, IN600, IN690, IN713, Rene Sames et
142, Rene N5), Aluminum alloy (CP Al, al., 2016)
6061, 2024)
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Table 2 — Calibration method used for powders used in AM.
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Authors Material Particles Calibration method
Type Polydispersity Cohesion Experimental Simulation

Geer et al., 2018 Gas atomized Spherical 20-75um no AOR obtained fromthe | AOR obtained from the
(Geer et dl., stainless steel flow through a fixed flow through afixed,
2018) (17-4SS) funnel down-scaled funnel and

powder from clouds of powders
Meier et al, 2019 | Ti-6Al-4V Spherical 20— 160 um yes AOR obtained fromthe | AOR obtained from the
(Meier et al., flow through afixed flow through afixed,
2019b) funnel down-scaled funnel
Desai et a., 2019 | Ti-6Al-4V Spherical Monosized 250 | no AOR + powder AOR + powder
(Desai et d., pum rheometer rheometer

2019)
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Table 1 — Calibration method used for powders used in AM.

Click here to access/download;Table;Table 3.docx %

Authors Material Particles Calibration method
Type Polydispersity Cohesion Experimental Simulation

Geer et al., 2018 Gas atomized Spherical 20-75um no AOR obtained fromthe | AOR obtained from the
(Geer et dl., stainless steel flow through a fixed flow through afixed,
2018) (17-4SS) funnel down-scaled funnel and

powder from clouds of powders
Meier et al, 2019 | Ti-6Al-4V Spherical 20— 160 um yes AOR obtained fromthe | AOR obtained from the
(Meier et al., flow through afixed flow through afixed,
2019b) funnel down-scaled funnel
Desai et a., 2019 | Ti-6Al-4V Spherical Monosized 250 | no AOR + powder AOR + powder
(Desai et d., pum rheometer rheometer

2019)
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Table 4 — Summary of the standardized tests to access spreadability

Table 1 — Simulation studies of powder spreading.

et dl., 2020)

cohesive, plasma atomised
Ti-6Al-4V particles

Authors Powders Soreader Variables studied Metrics

Mindt et a., 2016 Spherical, polydisperse (15 Flat spreader Gap thickness Bed particle fraction,

(Mindtetal.,, 2016) | _ 70 pum), non-cohesive, Ti-
6Al-4V particles

Haeri et al., 2016 Rods (overlapping multi- Roller spreader, Particle shape, gap Particle shape segregation,

Haeri et al., 2016 flat spreader thickness, roller velocity, bed particle fraction,
( )| sphere method) > y P
p . ’ . blade velocity surface roughness,
polydisperse, non-cohesive, probability density
polyether ether ketone function (PDF) for the
(PEEK) particles spatial distribution of
orientation

Parteli and Poschel, Non-spherical (overlapping Roller spreader Roller velocity Gap thickness

2016 (Parteli and ;

Poschel, 2016) multl-.sphere method),
polydisperse (30 - 100 um)
cohesive, Polymer PA12

Chenetal. (Chenet | Spherical, polydisperse (9- Flat spreader Cohesion, diding and rolling | Massflow rate, dynamic

a., 2017) : friction, particle size, blade repose angle
140 um), cohesive, 316L height, and velocity
powder

ngﬁzgaf ametd., | Elliptical, polydisperse (37 - | Flat spreader

unasegaram ; : .

etal., 2017) 183 um), nqn cohesive, Ti
6Al-4V particles

Haeri, 2017 (Haeri, Rods and irregular From flat to Blade velocity, design of Bed particle fraction,

2017 . . rounded blade profile surface roughness

) (overlapping m.ultl-sphere spreeclers P 9
method), polydisperse, non-
cohesive, polyether ether
ketone (PEEK) particles

Nam et aI., 2018 Non_spherical (Overlapping Flat spreeder Gap thickness Particle fracti on,

(Nan et al., 2018) . Frequency of empty
multi lsphere method), patches, Frequency
polydisperse (15 - 55 pm) distribution of jamming
cohesive, gas-atomized 316
L stainless steel particles

Chenetal., 2019 Spherical, polydisperse (5 - Flat spreader Particle size, polydispersity, | Bed packing fraction,

(Chen et a., 2019) 80 - the effect of the wall, powder flow, percolation

um), AISI 316L stainless cohesion ener
steel powder ¥

Meier et al., 2019 Spherical, polydispersed (20 | Flat spreader Gap thickness, cohesion Surface profile, bed

(Meieretd., 2019a) | _ 44 pum), cohesive, titanium energy packing fraction
alloy (Ti-6Al-4V) particles

Nam and Ghadiiri, Non-spherical (overlapping Flat spreader Gap thickness, blade Mass flow rate through

2019 (Nan and . velocity the gap, Shear band

Ghadiiri, 2019) multi .sphere method),
polydisperse (15 - 55 pm)
cohesive, gas-atomized 316
L stainless steel particles

et al., 2019) . thermodynamics and laser
coheswg, WC/Inconel 718 proc ity
composite powders

Maet al., 2020 (Ma Spherical, polydispersed, Flat spreader Presence of fine fraction Packing fraction,

et al., 2020) : coordination number,
cohesive powder surface roughness

Fouda and Bayly, Spherical, mono-sized (50 Flat spreader Gap thickness, blade Bed packing fraction

égiloy(':z%ﬁgand pum), non-cohesive titanium velocity

' alloy (Ti-6Al-4V) particles

Chenetal., 2020 Spherical, polydisperse (5 — 80 Counter-rolling Gap thickness, blade Mass flow rate through

(Chen et a., 2020) : ) Spreader velocity the gap, normal stress on
gg), cosleswe, 316 L stainless bed. surface profile, bed

powder packing fraction

Heet al., 2020 (He Spherical, mono-sized (50 pum), Flat spreader Packing density, surface

roughness, density pore,
chamber pore
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Nam et a., 2020

Non-spherical (overlapping

Counter-rolling

Roller rotationa speed, gap

Particle segregation, mass

(Nan et al., 2020) . Spreader thickness flow rate of particles
multi .sphere method), through the gap.
polydisperse (15 - 55 pm) normalised spread particle
cohesive, gas-atomised volume
316 L stainless steel
particles

Leeetdl., 2020 (Lee Spherical, polydisperse (30 - Flat spreader Number of layers, spreader Height of the layer,

et a., 2020) . _ velocity, dynamic AOR, packing
100 um), cohesive, Co-Cr density, particle size
powder distribution

Wang et al., 2020 Spherical, polydisperse (30 - | Roller spreader, Cohesiveness, particle size Packing fraction, surface

(Wang et a., 2020) . flat spreader digtribution, roughness, properties
90 um), cohesive, Hastelloy along spreeding direction
X (HX) powder

Yaoetal., 2021 Spherical, monosizes (34.8, Flat spreader Particle size, sprading Packing density and its

(Yao et al., 2020)

100, 123.2,169.4 pm),
cohesive, 316 L stainless
steel powder

velocity, gap heigh, blade
angle

evolution, pore size,
particle velocity
distribution,
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Table 1 list of in-situ, ex-situ and simulation techniques to determine powder spreadability.

Name

Pros

Cons

Open applicator

Imitate real AM equipment

requires a visual inspection of the
layer

Funnel Applicator

Measures powder spreadability

Higher deviation

Modular powder
spreading

Totally automated requires only
a little powder

Hegman gauge

Fast measurement of
spreadability

only qualitatively results are achieved

Visible light Camera

Measures the dynamic repose
angle of powders

Only a limited amount of information
can be obtained

X-ray imaging

Higher resolution, capable of
identifying cluster formation

Continous approach

Evaluates powder behaviour
based on fluid dynamic Models

Old equations. Not very widespread
among researchers and end-users

Discrete approach

simulation of powder-powder
interactions

requires a calibration process, high
computing power demanding

Al/digital twins

Highly customizable

requires a calibration process, high
computing power demanding



https://www.editorialmanager.com/protec/download.aspx?id=2542149&guid=388c470b-90f0-4bde-82e4-5d3da2e5786c&scheme=1
https://www.editorialmanager.com/protec/download.aspx?id=2542149&guid=388c470b-90f0-4bde-82e4-5d3da2e5786c&scheme=1

Table_06

Click here to access/download;Table;Table 6.docx %

Table 1 — Summary of the standardized tests to access spreadability

Method

Characterization parameter

Link with spreadability

Rheometer (FT-4)

Basic flow energy (BFE)

Higher itsvalue, lower the spreadability because of the higher flowing
resistance (Brika et a., 2020; Clayton, 2014; Clayton et al., 2015).
Exceptions have been shown (Balbaa et al., 2020).

Rheometer (FT-4)

Specific energy (SE)

Higher its value lower the spreadability because of the higher flowing
resistance (Balbaa et al., 2020; Brika et al., 2020; Clayton et al., 2015)

Rheometer (FT-4)

Conditioned bulk density (CBD)

Higher its value, higher packing density (Balbaa et al., 2020; Brikaet al.,
2020)

Rheometer (FT-4)

Compressibility index (CI)

Lower its value, higher packing density (Brikaet al., 2020)

Rheometer (FT-4)

Permeability (pressure drop, PD)

Higher permeability (lower PD), higher packing density because of the
better ability to release entrapped air (Brika et al., 2020)

Rheometer (FT-4)

Aeration energy (AE)

Lower its value, higher powder bed uniformity because of alower
tendency to agglomerate (Brika et al., 2020)

Rheometer (FT-4)

Cohesion coefficient (c)

Lower its value, powder bed uniformity because of alower mechanical
interlocking and higher tendency to shear (Brikaet a., 2020)

Rotating Drum (Revolution Avalanche angle (AA) Higher its value, lower spreadability because of greater resistance to flow
powder analyzer) (Kiani et al., 2020; Snow et a., 2019)

Rotating Drum (Revolution Break energy (BE) Higher itsvalue, lower spreadability because of greater resistance to flow
powder analyzer) (Kiani et al., 2020)

Rotating Drum (Revolution Avalanche energy (AE) Higher its value, lower spreadability because of greater resistance to flow

powder analyzer)

(Snow et al., 2019)

Rotating Drum (Revolution
powder analyzer)

Avalanche average angle

Higher its value, lower spreadability because of greater resistance to flow
(Snow et al., 2019)

Rotating Drum (Revolution
powder analyzer)

Avalanche surface fractal

Lower itsvalue, better flowability with no agglomeration (Sillani et al.,
2019)

Hall Flowmeter Apparent/bulk density (pz) Poor connection with the lower limit of packing density in the powder
layer

Hall Flowmeter Tap density (pr) Poor connection with the upper limit of packing density in the powder
layer

Hall Flowmeter Hausner ratio (HR) Succefful spreading with no lack-of-fusion porosity if HSR < 1.25
(Dobson and Starr, 2020)

Hall Flowmeter Angle of repose (AOR) Higher the AOR, higher powder cohesion and lower flowability (Tan et
al., 2017). Higher the AOR, poorer the spreadability (Snow et a., 2019).
AOR > 40° exhibited poor flowability for high spreading velocities

Hall Flowmeter Hall flow rate (HF) Unsuitable method: powders that were not able to flow freely through the

funnel were spread without problems (Choi et a., 2017; Mitterlehner et
al., n.d.); powders with the same flow rate presented different
spreadability (Clayton et al., 2015).
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