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Abstract

The quality of powder used in powder bed-based additive manufacturing plays a key role concerning process performance
and end part properties. Even though this is a generally accepted fact, there is still a lack of a comprehensive understanding
of the powder property—part property relationship. However, numerous investigations focusing on selected powder proper-
ties and their corresponding influence on process aspects or final part properties have been published in recent years. Still,
generalized statements on powder requirements for a defined process performance are not available. This can be attributed to
the fact that the community has not yet come to an agreement which characterization techniques are most suitable for powder
characterization in the additive manufacturing context and in most cases only selected aspects have been investigated for
special powder materials. The aim of this review is to assess these building blocks of knowledge and to provide an overview

on the current state of the art.

Keywords Powder for additive manufacturing - Powder characterization methods - Powder flowability - Laser beam
melting - Electron beam melting - Powder bed fusion - Powder bed-based additive manufacturing

1 Introduction

The need in industry for fast, reproducible, and close-to-
process powder characterization techniques is steeply rising
with the increasing application of powder bed fusion (PBF)
technologies. It is a generally accepted fact that the quality
of powders used in PBF is key for the process performance
and final part quality [1-8]. Hence, the comprehensive
understanding of powder influence in the PBF process is a
basic requirement to pave the way for regular fabrication of
components on an industrial scale with precisely predefined
and reproducible properties. Furthermore, the thorough
understanding of required powder properties for a given part
quality will help to reduce powder costs by facilitating the
choice of powder other than the ones offered by providers
of PBF machines. According to Wohlers et al. powder costs
are the second or third largest cost associated with producing
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additively manufactured (AM) parts and, therefore, the cost
of producing metal powder will be important to the growth
of the metal AM market [9]. A regular employment of the
PBF techniques in the industrial environment is only imagi-
nable if the challenging task of understanding powder influ-
ence on the process performance will be satisfactorily solved
[10, 11].

There is an increasing awareness of the importance of a
reliable powder metrology, which is evidenced by the activi-
ties of international and national standardization organiza-
tions. The main effort is being carried out at the international
level by ASTM and ISO [11, 12]. Also national activities on
standardization can be registered like the Association Fran-
caise de Normalisation (AFNOR) in France, who approved a
standard on powder specifications (XPE 67-010:2012) [11],
which has been replaced in 2014 by NF E67-01. In 2014 the
ASTM F3049 was approved, which is the first powder spe-
cific standard developed by ASTM F42 [2]. This is a stand-
ard, which refers to already existing standards (e.g. ASTM
F3049-14) that may be applicable for the characterization of
virgin and used-metal powders processed in additive manu-
facturing systems. However, Monzon et al. conclude in their
overview on standardization activities that requirements for
a broader application of AM cannot be solved by the existing
general standards for materials used in other processes [11].
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Researchers at National Institute of Standards and Technol-
ogy (NIST) formulated measurement science needs for PBF
in an extensive report, which also includes a section on pre-
process measurements [7]. Furthermore, there are ambitions
to develop standard test methods for raw metal powder char-
acterization at NIST.

The present review aims to give an overview on past
and current research activities focusing on the influence of
powder quality on different aspects of the process and part
properties. To this end, literature not only in the field of
additive manufacturing is reviewed, but also research on
powder behavior from other fields is included. As a matter
of course, this review does not claim to be comprehensive by
any means. However, the aim is to serve as a starting point
to build up a data base comprising the possible influencing
parameters and their impact on the PBF process and final
part properties.

2 Overview on powder bed AM processes

ISO/ATSM 52900 defines seven process categories in chap-
ter 3.2. Of these, two contain powder bed-based processes,
namely Binder Jetting (BJT) and powder bed fusion (PBF).
Whereas for BJT the process category is equivalent to the
technology, PBF is subdivided into laser beam melting
(LBM), electron beam melting (EBM) and selective laser
sintering (SLS). Table 1 lists these technologies and typi-
cal properties. One more distinct difference between BJT
and PBF is that the first is a two-step technology involving
the manufacturing of a green body by AM and subsequent
debindering and sintering, whereas the latter directly melts
and sinters the material, respectively. For this paper only
PBF will be considered.

3 Quantification of research activities

The assessment of the complex interaction between pow-
der properties and additively manufactured part quality
requires a categorization and prioritizing of the various
powder parameters. Each distinct powder property can

influence multiple features of the build process and with
this it affects different aspects of the final part quality.
Therefore, it is instructive to first summarize the various
relevant physical and chemical powder properties and
to evaluate, which processing step is influenced in what
manner by each of it. Therefore, the scheme shown below
(Fig. 1) has been developed, enabling to record the find-
ings of the research activities to date.

The powder properties can be subdivided into multi-
ple levels. The lowest level describes the pure physical
or chemical property of the individual particles (named
in the scheme in Fig. 1: powder properties). The second
level describes the behavior of the powder ensemble as a
whole (named in the scheme: bulk powder behavior). The
third level describes the behavior of the powder under pro-
cess-specific conditions (named in the scheme: in-process
performance). It seems to be likely that the bulk powder
behavior reflects the combined effect of certain powder
properties and in the same way the in-process performance
reflects the combination of different aspects of bulk pow-
der behavior. Finally, the sum of various aspects of each
level influences distinct key features describing final part
quality, such as density, surface quality etc. (see Fig. 1). It
can be assumed that the closer the characterization method
comes to the actual process conditions, the clearer the
relationship to the final part property will be. However,
since such testing techniques are not available by default
up to now, the aim is to find relationships between the
different levels of powder properties and correlate them
to in-process performance. To test the powder properties
on the single particle scale one can use standardized, sim-
ple, mostly cheap and fast methods. According to Wohlers
et al. powder bed fusion system manufacturers are able to
approximate, e.g,. powder flowability by defining powder
distribution, particle size, and flowability specifications
[13, p. 58]. However, the authors also mention that these
are only proxies for lack of better methods [13, p. 58]. To
interconnect the properties of the individual powder par-
ticle with bulk powder behavior, in-process performance
and finally part property is a challenging task, due to the
fact, that some properties of powder particles can have
contrary effects on the next level properties [14].

Table 1 Overview on powder bed AM technologies with typical process properties

Process Energy source Materials Particle fraction ~ Layer thickness Pre-heating

(m)
LBM Laser Metals 10-60 30-60 Yes (start plate, up to 500 °C)
EBM Electron beam Metals 50-150 50-100 Yes (electron beam, 700-1100 °C)
SLS Laser Polymers 20-80 100-150 Yes (180-380 °C)
BIT Furnace heating Metals, polymers, <25 50-100 No

ceramics
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Fig. 1 Visualization of the relationships between powder properties, bulk powder behavior, powder performance in process and finally the man-

ufactured part quality as elaborated by different research groups

To connect powder properties to bulk powder behavior, it
is not important in which field of science the investigations
were conducted. These dependencies are of general nature
and not connected to the process in which the powders will
be used. Basic knowledge on the behavior of bulk powders
is available, e.g,. in fields of powder metallurgy, pharmacy
or construction technology. It is obvious that the actual com-
position of the powder particles will influence not only the
end properties of the final part, but also moisture adsorption
profiles and particle—particle interaction forces. However,
the scheme (Fig. 1) illustrates that the influence of intrinsic
material properties on bulk powder behavior has not yet been
widely investigated.

Even though the reported dependencies are not always
consistent and sometimes only considered in a very gen-
eral way, the developed scheme (Fig. 1) can help to identify
properties which are of major interest and reveals where the
focus of research has been to date.

The occurrence of connections of the elements to lower,
as well as higher level properties gives a quantitative impres-
sion about the focus of current research on the property
interdependencies. While PSD’s and particle morphology’s
influence on a multitude of other properties has been in the
focus of numerous research activities (in agreement with the
findings of the specification example given in the previous

section), only punctual investigations exist on, e.g,. bulk
materials physical properties and moisture. Concerning the
influence of composition and powder particles density, no
statements could be found, even though it is believed that
these powder properties definitely have an influence on the
in-process performance and final part quality. How flowabil-
ity can be influenced by powder particle properties has been
elaborated over many years in different fields of science and
by a large amount of research activities. The influence of
flowability itself on in-process performance and part prop-
erty was the object of interest of several investigations in
the past few years. In the group of in-process performance
the rakeability is the most investigated property. Astonish-
ingly, important aspects of in-process behavior such as the
preheating temperature, which is relevant in Laser Powder
Bed Fusion (LPBF) as well as in Electron Beam Melting
(EBM) processes and the occurrence of smoke events (cer-
tain spread of powder particles) are not often related with
powder properties and bulk powder behavior. In contrast
to this, mechanical properties and the surface roughness of
final parts are more often investigated in dependency of their
powder properties and behavior.

In the following sections a more detailed view of the
research activities on the relationships between the differ-
ent components defined in Fig. 1 is given.
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Fig.2 Schematic visualization of the connection between the terms
“flowability” and “flow properties” and respective parameters. The
scheme is based on descriptions of Prescott et al. and expanded by the
findings of this literature review [15]

.
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Fig.3 Schematic drawing of the principle of a dynamic avalanche
angle measurement using a Revolution Powder Analyser [16]

3.1 Flowability: a key role

In the previous section, powder flowability has been identi-
fied as a bulk powder property with a distinguished position.
However, flowability is not one comprehensive property of
bulk powder. Rather, flowability is an umbrella term describ-
ing the complex behaviour of powder, when it is mobilized
or subjected to stress. The following scheme (Fig. 2) illus-
trates the multiple aspects of powder flow and the fact that
flowability is not an inherent powder property [15]. Prescott
et al. define the term “flow property” as specific bulk char-
acteristics and properties of a powder that affect flow and
can in principle be measured. Flow properties themselves
are influenced by the powder properties and the interac-
tion between the smallest powder units, the particles. While
flow properties are independent of the equipment in which
they were determined, the term “flowability” always has to
be connected with equipment and the way in which it was
tested.

To be able to test flowability relevant for the process
under investigation, the testing device should come as close
as possible to the process conditions [16—19] (Fig. 3). In PBF
the forming a homogenous powder layer is the process step,
where powder flowability plays a major role. Depending on
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the equipment used, different mechanisms exist for this pow-
der spreading or dispensing step. The most common method
is the use of a metallic blade, a roller or a rake for generating
a powder layer with a precise layer height. A summary of
commonly used methods can be found in the work of Foivos
[20]. Another important aspect of flowability analysis is the
capability of the characterization technique to differentiate
between variations in powder quality, which might be small,
but can have a major influence on the processability of the
powder [19].

Numerous possibilities exist to test powder flowability.
Among them, widely used and standardized methods, such
as the Hall flowmeter funnel (ASTM B213) and the Carney
funnel (ASTM B964) as summarized in ASTM F3049-14.
To apply these simple and cheap methods for the qualifica-
tion of AM powder is intuitive. However, Sun et al. con-
clude in their study on titanium powder that the flowabil-
ity as tested by the Hall funnel does not allow a distinction
between powders concerning their applicability in EBM
[21]. Also Schulze mentions the following critical aspects
of funnel flow tests in general: depending on the type of
filling (operator influence), the flow through the orifice is
depending on the aeration of the powder [18]. From this
he concludes that funnel tests are only simple comparative
tests not allowing a quantitative statement on powder flow.
Nonetheless, a correlation between certain rheological prop-
erties, such as the cohesivity, of steel powders with varying
PSD and morphology and Hall flow test results were found
by Strondl et al. [22]. Spierings et al. also review different
powder flow measurement techniques [4]. They consider the
Hall flow test as closer to AM process than other techniques,
but still come to the conclusion that this technique is not
best suited. They argue that the technique is restricted only
to superior flowing powders, while more cohesive powders,
which are still good enough for AM, cannot be tested. They
conclude from this that Hall flow is not best suited for AM
powder characterization [4]. For LPBF powders, which have
typically a smaller average particle size (25-45 pum) and tend
to be more cohesive than EBM powders (40—105 pm), this
might be valid. In the case of EBM powders the probability
is lower that this limit is reached. Concluding, Hall tests
might be suitable for ranking of different powder qualities
used in AM, especially in EBM. Nonetheless, more research
is required to ultimately decide if Hall flow is a technique
which resolves changes in powder quality, leading to a dif-
ferent in-process performance.

Another straightforward and widespread method is the
determination of the compressibility by means of the Haus-
ner ratio (HR) as described in the standard ASTM D7481-
09. The HR is defined by the ratio of bulk and tap density.
HR =1 characterizes a bulk solid which is not compress-
ible. This value is connected to the case of best flowabil-
ity [18]. According to Schulze, the method can be used for
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comparative studies of fine grained powders but does not
allow quantitative conclusions on flowability [18]. Spierings
et al. conclude from own experience and the evaluation of
a literature review, that the HR is not correlating well with
other more sophisticated methods [4]. It is argued that
“measuring the HR ratio is too far away from the situation
in AM processing” and hence the method is not well suited
for AM powder characterization. However, again there can
also be found research results in literature supporting a con-
trary view.

Schmid et al. present a Round Robin Testing of the flowa-
bility of polymer SLS powders based on tap and bulk den-
sity. The parameters were analyzed manually with the aid
of a plastic measuring cylinder. 9 SLS labs took part in the
interlaboratory comparison. The obtained values demon-
strate that the procedure is applicable to rank the quality
of different SLS powders. An aged SLS powder could be
clearly distinguished from virgin powder [17]. Also Karapa-
tis can profit from the consideration of HR when comparing
the behavior of different SLS powders (WC-Co, Co, Ti, Ni)
[14]. While tap and apparent density are not found to be con-
nected to the behavior in the funnel test (Carney funnel), the
HR values of the powders are well related to the flow rates.
Karapatis concludes from his experiments that powders with
HR below 1.2 flow well, while above they flood the funnel.
Further, he concludes that powders with a high compac-
tion ability can be deposited with a higher density. Geldart
et al. find a near-perfect linear relationship between HR
and the angle of repose [23]. From this it is concluded that
both parameters are good indicators of powder flowability.
McGlinchey assigns HR an indicator role as to how powders
will likely behave, but it should not be relied only on this
information [24, 25]. From the above review of partly con-
trary findin gs concerning the significance or applicability of
the HR it remains difficult to deduce a concluding statement.
Unless there will be more work on the relation between HR
and in-process performance of a variety of different powders
used in AM, the question of as to whether this parameter is
of use has to remain unanswered.

The angle of repose (AOR) is again a widespread method
to characterize bulk solids. It is especially applicable for free
flowing to slightly cohesive homogenous powders [24]. It
is supposed to be useful to rank materials concerning their
flowability [25]. Schwedes similarly states that the method is
applicable for free-flowing bulks but reproducibility worsens
for cohesive bulks [26]. Schulze criticizes that the angle is
depending on the chosen technique of cone formation and
is, therefore, not a pure parameter of the measured bulk
solid [18]. Geldart et al. developed an own equipment for
the measurement of the angle of repose, which is commer-
cially available [27]. It is found that the so measured AOR
is closely correlated to HR. However, the authors claim that
AOR is to be preferred as it is easier to measure and involves

more powder movement such as often occurs in powder pro-
cessing. Further, the authors conclude that the AOR can be
used to characterize a wide range of powders to determine
their flowability [23]. With respect to the AM process Sun
et al. state that the static AOR is not useful for the deci-
sion whether a powder will be processable or not in a AM
device. Due to the small amount of information concerning
the usability of AOR in powder characterization for AM, it
will be necessary to perform further investigations to find
out whether there is a connection between AOR and in-pro-
cess performance. Especially for the case of EBM powders,
which fulfill the prerequisite of a free-flowing behavior it
could be interesting to monitor this relationship. Anyhow,
it will be necessary to differentiate between the various test
methods allowing to determine AOR (nine methods accord-
ing to Schwedes [26]).

A large group of testing methods is summarized under the
topic of shear testers. A comprehensive summary is given by
Schwedes and also by Schulze [18, 26]. Spierings et al. con-
clude that the method is not applicable for AM powders due
to the fact that the powders are tested under a compressive
load. This disagrees with the statement that a more cohesive
bulk solid will show worse flowability at higher as well as at
lower compression in general [28]. The compression should
not be regarded as an exclusion criteria in this case. It is
used to obtain a predefined powder sample and a defined
and known stress state. Furthermore, a special advantage
of the ring shear tester is the possibility to measure at very
low normal stress. This is especially important for free-flow-
ing bulk solids [26, 29]. The shear testers are able to rank
powder used for AM, has been recently shown by Lyckfeldt
et al. [30], who applied a shear head in a powder rheometer
(FT4, Freeman Technology), applying a similar procedure as
used by the Jenike shear cell [16]. The shear test parameters,
such as ultimate yield strength, cohesion and flow function,
all correlated very well with the observed quality of pow-
der layer formation. A recent comparative study of differ-
ent shear cells by Koynov et al. showed that the ranking of
powders concerning their flowability was independent of the
shear cell type, even though a certain variation in numeri-
cal values was observed [31]. However, they also conclude
that their study underlines the statement that shear cells are
less suitable for free-flowing materials. To be able to ulti-
mately decide whether shear testing is an adequate method
for characterizing powders for AM, a comprehensive study
has to be performed.

In recent years, powder testing with a powder rheometer
has become popular [1, 3, 16, 19, 30, 32-35]. Very prom-
ising results have again been reported by Lyckfeldt et al.
and Strondl et al. testing steel powders used in AM [22,
30]. Measuring stability index, specific energy, and con-
ditioned bulk density, all rheological parameters obtained
with a Freeman FT4 rheometer, correlated well with the
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performance during powder layer formation [30]. Clayton
et al. were able to distinguish between virgin and used metal
powder and mixtures thereof [19]. Strondl et al. conclude
from their study that powder rheology is a useful method
to determine differences in flow properties of powders used
in AM [3, 22]. Concluding, even though more studies are
needed, powder rheology turns out to be a promising tech-
nique to characterize AM powder with respect to flowability.

Likewise, the characterization of powders concerning
their dynamic avalanche angle, has gained increasing atten-
tion [4, 5, 16, 17, 36-39]. The principal idea was first pub-
lished by Kaye et al., who investigated the use of avalanche
studies to describe rheological properties of alumina pow-
der [40—42]. The device measures the dynamic avalanching
behavior of powder in a rotating disk and allows for a sta-
tistical evaluation of multiple avalanches. Soh et al. intro-
duced the indices avalanche flow index and cohesive inter-
action index to describe avalanche flow properties in such
a device (AeroFlow, TSI Inc., not available anymore) [37].
The results for pharmaceutical powders reveal that these
indices are well suited to describe powder flow and powder
cohesiveness. The characterization of polymer powders by
Krantz et al. revealed that AOR and an averaged avalanche
angle can be related linearly [16]. It is argued that this is
due to the similar stress state to which these techniques sub-
ject the powder. The work of Spierings et al. focuses on the
applicability of dynamic flow properties, as measured with
a commercial dynamic powder flow analyser (Revolution
Powder Analyser, RPA, available from different suppliers,
e.g., Mercury Scientific Inc.), on the qualification of pow-
ders used in LPBF. The authors were able to quantitatively
correlate optical powder evaluation based on operator expe-
rience with the measured flowability parameters. Therefore,
the statistical distribution of the avalanche angle and surface
fractal were included in the calculation, as well as the ellip-
ticity (deviation from perfect spherical to ellipsoidal form)
of the particles. The result shows a good correlation between
the calculated and the observed flowability within the stand-
ard error. Pohlman et al. aimed to identify influencing factors
on flowability of titanium powders produced by the Arm-
strong process [38]. The authors were especially interested
in evaluating the effectivity of the attempt to improve the
shape, and thus flowability, of the titanium particles. There-
fore, they used a self-build rotating tumbler and recorded the
angle of reposes as function of the Froude number, which is
defined by the tumbler size and rotational speed. With this
the authors were able to deduce similar flow behavior of
processed and unprocessed powder. Amado et al. modified
the commercially available RPA in a way that it is capable of
measuring flow properties at elevated temperatures to emu-
late process conditions as present in the powder during the
SLS process [38]. Schulze criticizes the dynamic avalanche
measurement as this technique is based on a chaotic process
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and there is a lack of theory behind it (Schulze [18, p. 195]).
However, the above-mentioned results reveal a promising
correlation between measured parameters and AM process-
relevant properties.

As it can be deduced from the literature review above,
the term flowability must be specified with regard to the
applied testing device. However, some basic rules can be
formulated, which can be assumed to be valid for most of the
testing strategies. The following relations between powder
properties and flowability are of general nature:

e flowability increases with decreasing width of the PSD
[18, 39, 43, 44].

e flowability generally improves with coarser particles [3,
14, 18, 39, 45, 46].

¢ Flowability decreases with increasing moisture content
until saturation with liquid [18, 26, 44, 47-49].

3.2 The impact of particle size distribution

The influence of PSD on flowability was already discussed
above, here the remaining PBF aspects are discussed as
reported in literature. As visualized in the scheme (Fig. 1)
the influence of the PSD on all kind of powder characteris-
tics and also on final part property plays a major role in the
investigations published to date.

Whereas flowability is a term depending on the context
in which it is used, PSD is a property which is unambigu-
ously defined by the dimensions of the single particles of
the bulk solids and which is not depending on any other
external parameters. However, considering the method used
for the determination of the PSD, several issues and limita-
tions can occur [50]. In the following, these limitations and
uncertainties are neglected and it will be assumed that the
findings given in literature are independent on the applied
characterization method.

PSD has been found to influence layer densities in LPBF.
Wide PSDs, biased towards fine particles, that is a multi-
modal PSD, lead to higher layer densities [14]. Karapatis
et al. formulated several criteria for tailoring PSD with
respect to its powder bulk density. Among them, the size
ratio dsy/d,,> 10 and the criteria for a biasing towards fine
particles dgy—dso/dsy—d,o < 1. From theoretical and experi-
mental considerations, Karapatis concludes that for good
flow a narrow PSD is necessary (in accordance with the
general conclusion given above) and for a high powder bulk
density a wide distribution is required. And for the SLS pro-
cess performance he states that a narrow PSD is beneficial
to avoid segregation. This illustrates how contradictory the
requirements for only one parameter can already be with
respect to different aspects of a PBF process.
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Further, it has been shown by a multitude of authors that
the PSD has an influence on final part quality (produced
either by SLS, LPBF or EBM). Details on this can be found
in the Sect. 3.6.

How the PSD influences bulk powder physical proper-
ties such as thermal conductivity was investigated by Gong
et al. [51]. The authors find that the thermal conductivity of
the bulk powder is approximately half of the solid material.
They conclude from their findings that thermal conductivity
is very sensitive to powder geometry characteristics, which
drastically affects the thermal behaviour during electron
scan melting. Neira Arce experimentally investigated the
difference in thermal conductivity for two Ti6Al4V powder
feedstock materials prepared by plasma rotating electrode
process (PREP) and gas atomized process (GA), respec-
tively, which are characterized by different PSDs [6]. The
GA powders, which consist of smaller particles than the
PREP powders show a higher thermal conductivity than the
GA powders.

From the large amount of observed correlations between
PSD and other process relevant aspects as well as final part
quality reviewed above, it is clear that PSD is an impor-
tant powder characteristic and has to be carefully tailored.
However, it is not a parameter which can be used without
additional information to decide how the powder will behave
in the process.

3.3 The impact of morphology

To describe the impact of morphology on bulk powder char-
acteristics and further on in-process performance and final
part quality is complex and can not be answered by simple
relationships. According to Schulze particle shape affects
flow properties, but general statements are not possible [18].
In the case of coarse particles often smooth, spherical par-
ticles flow better than rough, sharp-edged, non-spherical
particles. But in the case of fine particles, which are cohe-
sive and between which adhesive forces play a major role,
rough particles may exhibit a more favorable flow behavior
[18]. Spierings et al. find the degree of ellipticity is effecting
flowability (atomised nickel and iron powders). An increase
in ellipticity improves flowability in general [4]. However,
the investigations by Pohlman et al. on the role of particle
shape influence on flow properties in the case of titanium
powder produced by the Armstrong process revealed that
PSD can be a more important factor than the particle shape
[39]. Karapatis summarizes from a literature review that
sphericity is favorable for good flow behavior, optimal pack-
ing density, and for performance in the SLS process for layer
deposition (numerous metal powders, such as pre-alloyed Ni
and Co, commercially pure Ti, WC-Co composite powder,
W-Cu, Ni—Al) [14]. Strondl et al. found that recycled EBM

powder particles show impact marks leading to lower flowa-
bility versus new powder (steel powders) [3]. With respect
to ductility changes of the final part the morphology change
is not rated to be of significance.

Even though, it is clear that there is an impact of mor-
phology, it will be difficult to quantify it and to construct
an unambiguous relationship to in-process performance and
final part property. However, further studies are needed here
to enlighten this complex relationship.

3.4 Aspects of in-process performance
3.4.1 Test of raking behavior

The rakeability is the most investigated in-process perfor-
mance aspect related to PBF (compare Scheme 1). Despite
this, the overall amount of investigations is small.

Karapatis studies influence factors on powder layer qual-
ity. He identifies powder flow and powder packing as the
most contributing properties [14]. To quantify layer form-
ing quality, Karapatis performs layer density measurement
through weighing. It is found that the three investigated
powders show higher layer densities than the corresponding
apparent densities, which is attributed to the slight compac-
tion during the deposition process. Further, it is revealed that
in general layer density tends to increase with layer height.
Spierings et al. claim more generally, that the tapped den-
sity of powders is not a sufficient parameter to distinguish
powders with respect to their rakeability and the resulting
layer density [36]. Sun et al. state that neither flowability,
nor AOR allow a prediction as to whether a powder is suit-
able for AM or not [21]. Strondl et al. conclude from their
experiments on new and recycled versions of Ti-6Al-4V
powders, that certain variations in powder flow properties
(measured with a powder rheometer, FT4, Freeman Tech.)
are not critically affecting powder layering or the melting
process. A more detailed look on the requirements for good
powder layer formation in a 3D printing device was per-
formed on stainless steel powders by Lyckfeldt et al. [22,
30]. It is concluded that the degree of cohesion has to be
low with regard to good flow properties but in the same time
the powder layer should stay uninfluenced by shear stresses
when depositing the next powder layer, which implies a high
enough flow energy driven by a high tap density rather than
cohesive forces.

In-process performance has been correlated with part
properties only by Spierings and Amado (both belonging
to the same working group) [17, 38]. As already mentioned
above, Spierings et al. found that coarser powders lead to a
lower powder layer density and an increased surface rough-
ness of the final part. A lower powder layer density fur-
ther leads to a reduced amount of beam energy reaching the
underlying material, which causes an incomplete fusion and
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in the end a reduced mechanical strength in build direction
[52]. Amado et al. only generally state that powder spreading
quality influences the mechanical properties and homogene-
ity of the part density [38].

The influence of the powder layer morphology on the
formation of the molten track has been studied theoretically
using multi-physical modeling by Leitz et al. [53]. For the
case of molybdenum it has been shown that the LPBF pro-
cess is highly sensitive to the powder particle arrangement in
the powder layer. It was found, for example, that variations
in particle size and imperfections of the powder layer influ-
ence the width of the molten track.

Only two contributions were found, which experimentally
address the powder layer formation. Sun et al. investigated
the powder layer formation quantitatively under EBM pro-
cess condition [21]. They developed a powder deposition
system (universal powder bed—UPB) which is identical to
the deposition system in an ARCAM A1 machine. This ena-
bled the authors to rake the powder under conditions similar
to the process conditions and to analyze the raking quality by
a digital camera and a subsequent statistical image analysis.
The method was shown to be a useful tool for analyzing the
applicability of different powders prior to the actual pro-
cess. For the case of laser sintering of polymer powders, van
den Eynde et al. developed an own setup for powder raking
[54]. It enables the qualitative assessment of powder layer
smoothness and the quantitative determination of powder
layer density. Three polymer powders were tested with this
setup. The parameters showed a good correlation with the
known processability of these powders in the laser sintering
process. Both setups need further development and more
statistical data of different powder types to be applicable in
a standard manner for the prediction of powder applicability.
Particularly, the parametrization and quantification of the
powder layer quality have to be further developed. How-
ever, this approach seems very promising for future powder
assessment.

It can be summarized that the existing reports on the rak-
ing behavior/powder layer formation are mainly of general
nature. Only Karapatis, Sun et al. and van den Eynde et al.
emulate process conditions during powder layer deposition.
To systematically study the influence of powder and bulk
properties on the raking behavior and further to correlate
these findings with final part quality, more systematic studies
with such powder layer forming devices will be necessary.
Therefore, each powder deposition system has to be investi-
gated separately. Still missing are suitable parameters which
allow for a quantitative assessment of the resulting powder
layer qualities.
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3.4.2 Powder properties at elevated T

Additionally to the powder behaviour under a mechanical
stress similar to the process conditions, the powder behav-
iour at an elevated temperature is of importance [38].

Amado et al. criticize that the effect of extrinsic powder
properties is not so intensively investigated as intrinsic
powder properties [38]. A prediction of necessary powder
properties for a homogeneous layer spreading is seen as
an important point to reduce development time and costs.
To test the influence of elevated temperatures on the pow-
der behaviour a Revolution Powder Analyser by Mercury
Scientific Inc. has been equipped with a heated core cylin-
der (25-120 °C—relevant for polymer powders) [38]. The
authors analyzed the Avalanche Angle and Surface Fractal
in Flowability mode as well as Total Volume Expansion
Ratio in the Fluidization mode at different temperatures. It
was found that the elevated temperature has a clear effect
on the flowability of the tested polymer powder. This
especially relates to the Surface Fractal, which indicates
a change in flow behavior above the glass transition point.
On the other hand, the Avalanche Angle is not sensitive to
changes in temperature. Further, a maximum pre-heating
temperature can be defined, where the particles start to
clump together.

The effect of an elevated temperature is not only of impor-
tance with regard to the rakeability but also with regard to
the necessary preheating temperature in both processes
LPBF and EBM. In the case of a simulation model for LPBF
the residual stress reduction is under focus [55], whereas in
the case of EBM the preheating can have an influence on the
probability that sudden scattering of powder, called smoke
event, occurs. Preheating is reported to be necessary to pre-
vent smoke by various authors [56-58]. Effects that lead
to sudden powder spreading were also examined [57] with
the authors reasoning that primarily the electrostatic charge
of powder particles is responsible for that. Counteractive
measures are proposed, of which pre-heating has the most
pronounced effect. However, concerning pre-heating also
the contradictory observation has been made that particle
morphology and the diameter of the electron beam are of
more importance regarding smoke events than preheating
temperature by Eschey et al. [59]. The authors observed a
charge and discharge phase of the powder particles, which
are driven by electrostatic forces (both) and Lorenz force
(only discharge). Increasing the defocus of the beam was
beneficial in avoiding smoke as well as using non-spherical
powders. Recently, it has been further reported that the pre-
heating temperature has a significant impact on the thermal
conductivity of the powder bed [60]. This has consequences
on the amount of necessary support structures around the
part to be build.
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In conclusion, the relevance of testing powder behavior
and intrinsic powder properties at elevated temperatures to
properly evaluate in-process performance has been shown
in individual studies. For a more substantial understanding
further principal investigations are necessary. The results of
these studies will contribute to a more fundamental under-
standing of the correlation between powder properties and
in-process behavior.

3.4.3 Properties of recycled powders

Up to this point various powder properties and their impact
in PBF were discussed based on the starting material. Princi-
pally, only a small portion of the powder that is introduced in
the machine is actually applied to build up the part. Most of
the powder is left and can be reused in the subsequent build
jobs. This fact makes PBF potentially a resource-efficient
process. How far the efficiency extends strongly depends on
the condition of the un-melted powder. Therefore, the effect
of recycling on powder, process and part properties is in the
focus of numerous research activities.

Powder recycling can be done in various ways. The
following strategies are mentioned in literature (compare
Table 2):

e A: used and sieved powder is mixed with virgin powder
after each build in constant proportion (definition accord-
ing to Lutter-Giinther et al. [74]).

e B: used powder is mixed with powder of the same age
after each cycle (cycle is defined here as the sum of build
jobs after which the powder mass is reduced such that no
further build is possible) [74].

¢ C: reintroducing sieved powder after each build job with-
out mixing with other powders.

e D: used and sieved powder is added to the top of the
unused virgin powder, no mixing takes place.

Further, it has to be distinguished between powders which
were exposed to a continuously repeated similar build job
and powders which were exposed to varying build jobs. The
investigations discussed in the following have chosen the
first approach throughout.

Lutter-Giinther et al. determined the maximum number
of possible use cycles for recycling strategy B regardless of
powder quality degradation. This allows to judge the approx-
imate number of meaningful reuse cycles which should be
investigated to improve powder efficiency. The calculation
was based on the input parameters powder loss, build vol-
ume utilization, powder batch size, and powder coating
dosage factor. As a result, the build volume utilization was
shown to have the strongest influence on the powder degres-
sion rate. The natural maximum number of use cycles varies
around an average of 35, ranging from 1 to 117 cycles, with

typical powder batch sizes of 100-1000 kg. These values
give the upper limit of powder cycles for the case that no
powder quality degradation takes place in this range.

Table 1 summarizes several PBF recycling studies with
respect to the observed effect on powder properties and part
properties. Most of the published recycling studies stay well
below the upper natural cycle limit as calculated by Lutter-
Giinther et al. (Table 2, column 2). Most likely due to the
fact that strategy C is the mostly applied recycling approach
(Table 2, column 3). The effect of recycling differs between
EBM and LPBF. However, even inside the EBM and LPBF
groups the effects on powder and parts differ. The reason for
this might be the fact that the reuse times differ considerably.
Also the recycling strategies might vary in certain details
even though the C strategy is the mostly used one.

Summarizing the findings from the literature listed in
Table 2 it can be concluded for all materials that even if an
effect on powder properties is observed, the effect on final
part quality is, in most cases, small.

3.5 Final part quality

Eventually, the driving force for investigating powder par-
ticle and bulk properties and their impact on process rel-
evant aspects is the aim to reveal their correlation with the
final part quality with respect to part density, surface qual-
ity, mechanical properties, part accuracy and internal build
flaws. Ideally, it will be possible to predict part property
variations depending on variations in powder properties for
similar processing conditions. However, this will persist to
be a complex task as optimal processing conditions might
also vary with different powder properties [59].

To date, the majority of the investigations focus on the
influence of PSD on final part quality. Spierings et al. find
that the PSD should be biased in the direction of fine parti-
cles. This allows the finer particles to fill the voids between
the coarser ones, which then leads to higher part densities
and improved surface qualities [52], whereas bigger parti-
cles can be beneficial for higher breaking elongations [52].
Similar results are reported by a number of authors [45, 75,
76]. In contrast to this, the influence of the width of the PSD
is not such straightforward. Liu et al. connect a narrower
PSD with a higher ultimate tensile strength and larger hard-
ness for steel parts [77]. In the same time, they find that a
wider PSD is connected with a higher powder bed density,
higher density of the parts, and smoother surfaces of the sur-
faces parallel to the build direction [77]. Compared to this,
Ziegelmeier et al. report the opposite (for thermoplastics).
An increase of the proportion of large particles and a nar-
rower PSD lead to a smoother surface of the sintered parts
[46]. For the shore hardness and E-modulus the authors find
no connection to the PSD [46]. Similarly, Lutter-Giinther
et al. found a counter-intuitive relationship between PSD,
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Table 2 Overview on studies concerning powder recycling (HCF—high cycle fatigue, UTS—ultimate yield strength)

Powder type = Max reuse times Recycling strategy Process Effect on powder proper-  Effect on part properties  References
ties
Ti-6A-4V 69 Unspecified EBM Chemical comp.: oxygen Microstructure: constant  Popov et al. [61]
content increases Elongation at break:
Morphology: less spheri- decrease
cal, variety of defects HCF: decrease
Ti-6Al-4V 12 C EBM Morphology: constant, Chemical comp.: Al con- Petrovic et al. [62]
only occasional defor- tent decrease, C- and
mations O-content increase
PSD: constant Microstructure: constant
Ti-6Al-4V 21 C EBM Chemical comp.: UTS: increase Tang et al. [44]
O-content increase, Yield strength: increase
Al-and V-content slight Tensile elongation:
decrease constant
Morphology: less spheri-
cal, distortion
PSD: narrower
Flowability (Hall):
improves
Ti-6A-4V Unspecified Unspecified EBM/LPBF Chem. comp: oxygen SLM Strondl et al. [3]
increases UTS: constant
PSD Yield strength: constant
EBM powder (coarser):  Ductility: decrease
gets finer Impact toughness:
LPBF powder (finer): decrease
gets coarser
Flowability (theom.)
EBM powder —
degrades
LPBF powder —
improves
Packing
EBM powder: constant
LPBF powder: increase
Ti-6Al-4V 12 C LPBF PSD: coarser and wider ~ Density: increase Seyda et al. [63]
Flowability: increase Surface roughness:
Apparent density: increase
increase Hardness: slight increase
UTS: increase
Ti-6A1-4V 38 C LPBF Chem. comp.: oxygen UTS: slight increase Grainger [64]
and nitrogen content
increases
PSD: slightly narrower,
slightly coarser
Flowability (Hall):
increase
Powder density: constant
Morphology: constant
Ti-6Al-4V 5 C LPBF PSD: slightly coarser Chemical comp.: O’Leary et al. [65]
Morphology: roughened increased O-content
surface
Chemical comp.: constant
O and N content
AlSilOMg 18 C LPBF PSD: slightly finer No effects Maamoun et al. [66]

Morphology: slightly
elongated

Chemical comp.: constant
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Table 2 (continued)

Powder type = Max reuse times Recycling strategy Process Effect on powder proper- Effect on part properties  References
ties
AlSilOMg 8 C LPBF Chemical comp.: constant UTS: decrease Del Re et al. [67]
PSD: slightly finer Yield strength: decrease
Tap and apparent density: HCEF: decrease
slight increase Surface roughness:
Morphology: constant constant
AlSilOMg 4 A LPBF PSD: constant Vock et al. [68]
Flowability (FT4):
constant
IN718 14 C LPBF Morphology: constant Microstructer: constant ~ Ardila et al. [69]
PSD: constant, except Porosity: constant
agglomorates Mechanical properties:
Chemical comp.: constant  constant
IN718 2 Unspecified LPBF PSD: significant increase  Porosity/pore diameter/  Kappes et al. [70]
in fines pore spacing: weak
Morphology: recycled correlation between two
powder more ellip- powder conditions
soidal, more oblique
particles
316L A LPBF/EBM Surface chemistry: Leicht [71]
growing of Cr—Mn-rich
oxide particulates
Steel 1.4404 5 C LPBF UTS: constant Geisert et al. [72]
Stainless steel 11 D LPBF PSD: constant, slight Surface roughness: Jacob et al. [73]

shift to fines

constant

Flowability (Hall): Density: constant
increase Hardness: constant

Apparent density: Mechanical properties:
increased constant

Chemical comp.: con-

stant, increase of C

Microstructure: bce phase

increased

Morphology: constant

powder bed density and final part density [78]. A wide PSD,
which leads to a higher powder bed density, resulted only in
a middle-rate part density.

Investigations on the influence of other powder proper-
ties on the final part quality are rare, although it is obvious
that there must be an interconnection between morphol-
ogy, impurities, moisture content, particle density, and bulk
material properties and the final part properties. In fact, for
Ti-6Al-4V Strondl et al. investigated the difference between
new and recycled powder [3]. Tensile and yield strength are
identical for both powder types, while the ductility and the
impact toughness tend to go down for recycled powder. The
authors connect this to the change in oxygen content.

Beside the powder properties the bulk powder behavior
has an influence on the final part. However, only the work
by Ziegelmeier et al. and Liu et al. was found to establish
this relationship in detail. Ziegelmeier et al. report for ther-
moplastics that increased tensile properties can be achieved
with powders with higher bulk densities. An increased bulk
density also leads to an increase in part density and a decline

of voids inside the sintered components [46]. With this goes
an enhancement of ultimate tensile strength and elongation
at break with increasing bulk density [46]. On the other
hand, a decline in packing density of bulk powder results in
an increase of bulk powder surface roughness (as measured
in a RPA) and with this it increases the surface roughness of
the fabricated part. Liu et al. measured powder bed densities
by selectively melting a container and weighing the powder
inside of it. With this method they found that a lower powder
bed density results in lower part densities [77].

It can be assumed that flowability holds a central signifi-
cance also for the mechanical part properties, even though
information that can be found in literature is scarce. Again
Ziegelmeier et al. found that an increasing flowability results
in a positive trend for ultimate tensile strength, elongation
at break, and reduction of porosity and pore volume [46].

The following table (Table 3) summarizes the above
review on influencing factors on part quality. Significantly
more investigations are needed to draw general conclusions
from this. However, it can already be seen that contradictions
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Table 3 Powder properties

. . Part density Surface quality Mechanical properties Accuracy Internal build flaws
and their influence on different
aspects of part quality based PSD
Z}Illatphtz rllterature cited in this Narrow +177]
Wide 4+ [77] + [14] + [77]
Coarse —[76] - [78] —[76]0 [3,46] +[36] — [76] - [76]
Fine + [52] + [45] + [75] —[72] — [72] - [70]
Bulk density
Low - [77] — [46] 0[78]
High + [46] + [79] + [46] + [46]
Flowability
Low
High + [46] + [46]

“__

“+” denotes a positive effect,
reported in one citation

can occur both, for one interconnection between part and
powder property, as well as between powder property and
different part quality aspects. While in the first case the rea-
son of the contradiction has a methodological reason, the
second case is a sign for the need of optimization to tailor
the final part quality to fit the requirements.

4 |dentification of white spots

Even though there have been extensive studies on connect-
ing powder properties with bulk powder behavior in dif-
ferent fields of powder technology, the link to the specific
PBF processes is still weak (compare Fig. 1). Especially the
connection between bulk powder behavior and in-process
performance is not well established, as well as the connec-
tion between in-process performance and final part quality.
The main effort has been done to reveal the effect of pow-
der properties, such as PSD and morphology on the final
part quality. This is by the opinion of the authors a jump
too large, skipping the intermediate steps which cover bulk
powder behavior and in-process performance. For a better
understanding of the relationships labeled in Fig. 1 more
fundamental research is necessary. Furthermore, much more
experimental data are necessary for reliable statistics, which
will then allow to establish connections between powder
properties and final part quality. To the authors opinion the
most promising approach for a comprehensive picture is
the establishment of large data bases containing all aspects,
powder, process and part properties for different material
classes. Sophisticated statistical methods can then be used
to cluster the various powders with regard to their specific
properties, to derive relationships between the physical enti-
ties and finally to enable a prediction of powder performance
and part quality based on powder properties. First attempts
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a negative effect, “0” for no effect. Each sign stands for the results

toward this direction have been made by Baturynska et al.
and Prater and Kappes et al. [70, 80, 81].

The description of powder behavior under process condi-
tions is to date, naturally, not a well-established field. Here
arises a need to develop new characterization methods and to
define meaningful parameters, which further have to be con-
nected to the final part. This holds for each of the elements
labeled in Fig. 1 under the topic of in-process performance:
the rakeability of the powder, the determination of optimal
preheating conditions, the ability to predict smoke events,
as well as the estimation of beam—powder-interaction effi-
ciency. It further stands out that thermo-rheological investi-
gations are, with exception of the work of Amado et al. [38],
completely missing. EBM is a hot process and also LPBF is
performed at elevated temperatures, thus modified powder
behavior can be expected.

It is an accepted fact that process simulations are of great
importance for the support of the material development pro-
cedures in PBF [82-84]. For simulating the melting step
in the EBM and LPBF process, often predefined particle
arrangements are used and the influence of different start-
ing conditions, such as particle size distribution and powder
bed homogeneity on the part properties is investigated [85,
86]. However, simulation of in-process performance, such
as the raking or rolling step as a function of particle distri-
bution, size, and morphology is still a challenging task and
only limited work exists on this topic [84, 87]. To decrease
computational effort, powder beds are often treated as con-
tinuum, averaging the effect of morphology, particle sizes
and their distribution. To realistically calculate how particle
properties and the interaction between particles will translate
into the layer formation, especially at elevated temperatures,
and further how they will translate into part properties after
the melting step, require a large computational effort. Up
to now, these sophisticated procedures are not available to
a broad part of the AM community and are far from being
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a standard tool to apply for material development. In spite
of this, the findings of simulations enlarge the basic process
understandings, especially of those physical mechanisms,
which cannot be observed during experiment, such as melt
pool dynamics and material consolidation mechanisms [84].

An alternative to process simulation, is the experimen-
tal approach to quickly assess and understand in-process
behaviour of powder. Standardized schemes have to be
developed enabling a broad user-group applying them for
their own material development procedures. Such scheme
would for example comprise, as suggested by Evans et al.,
thermal cycles within the powder to allow for heat transfer
and sintering process estimations. As a next step they sug-
gest in-process testing of single and multiple layer builds
using only a small fraction of powder. This is achieved by a
so-called small volume insert. The last step includes the test
of long-term reliability of the powder. Evans et al. are of the
opinion that this approach will make materials development
much easier and less costly [84]. The publication dates from
2005. However, more than 10 years later there is still a lack
of experimental approaches to implement these or similar
schemes.

5 Conclusions

All the reviewed reports on powder property, bulk pow-
der behaviour, in-process performance and their cross-
correlations, as well as their influence on final part quality,
eventually all have the aim to widen the range of applicable
materials. This requires the pre-process determination of the
applicability of a chosen powder in the AM process, the
estimation of its in-process behaviour and the expected final
part quality and in a next step, the pre-process localization
of process parameter windows. This is of use for different
actors in the PBF business. The powder manufacturer will
be able to design his powder optimally for the PBF pro-
cess and get access to a broader market. The PBF users will
profit from a faster introduction of new material and the PBF
device manufacturer will profit from the wider applicability
of his device.

A multitude of different powders was used in the investi-
gations on powder—part quality correlation summarized in
this review. Additionally, different powder bed systems were
applied (LPBF, EBM). Hence, quantitative conclusions are
difficult to derive. But for all that, an evaluation on a qualita-
tive level and a basic course of action for the development
of a comprehensive powder qualifying procedure can be
derived from the summarized results.

The review of the actual work leads to the conclusion that
comprehensive powder qualification would not be possible
solely by already standardized methods (apparent, tapped
density, PSD, flowmeter). In most cases, a direct correlation

between powder property and in-process behaviour is miss-
ing or the measured bulk powder property is not sufficient
to differentiate between substantially different in-process
behaviour of different powders. The bulk powder properties
turn out to be useful to define basic requirements rather than
differentiating between variations in process quality. For a
more precise identification of crucial powder and bulk prop-
erties, the solution will be either a combination of various
characterization methods for given process parameters or
a more complex powder characterization technique exclu-
sively designed for the specific PBF process.
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