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Abstract

In this study, the effect of powder spreading direction was investigated on selectively laser-melted specimens. The results showed
that the metallurgical properties of the specimens varied during fabrication with respect to their position on the build tray. The
density, porosity, and tensile properties of the Co-Cr—W-Mo alloy were investigated on cuboid and tensile specimens fabricated
at different locations. Two different significant positions on the tray were selected along the powder spreading direction. One set
of specimens was located near the start line of powder spreading, and the other set was located near the end of the building tray.
The main role in the consequences of powder layering was played by the distribution of powder particle sizes and the packing
density of the layers. As a result, laser penetration, melt pool formation, and fusion characteristics varied. To confirm the
occurrence of variations in sample density, an additional experiment was performed with a Ti—-6A1-4V alloy. Furthermore, the
powders were collected at two different fabricating locations and their size distribution for both materials was investigated.
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1 Introduction

Several studies have been carried out on the properties of
products made with the powder bed additive manufacturing
processes, in particular the selective laser melting (SLM) pro-
cess [1-3]. However, these investigations were based on
employing different processing parameters [4—6], scanning
strategies [7], and different build-up directions due to different
angular orientations of the part [8, 9]. Eventually, limited re-
search was carried out focusing on the effect of build-up lo-
cations by means of the powder spreading direction. Due to
the various applications of SLM products in several important
fields, such as aerospace, automotive and biomedical im-
plants, sublime quality, and appropriateness are the most
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important requirements [10, 11]. The choice of the SLM fab-
rication process for customizing complex products is becom-
ing higher due to its high manufacturing flexibility, with lower
cost and in less time compared to traditional manufacturing
methods [12].

In the SLM process, metal powders are deposited in layers,
then melted and fused together with a laser to obtain a solid
part, as entrusted computer-aided design model [13]. A pow-
der coating system, also known as re-coater or a powder
spreading blade, distributes the powder particles onto the
building platform using a raking mechanism known as re-
spreading [14]. The powder re-coater collects the powder
from the supply chamber, spreads it over the building tray,
and conveys the excess powder into the overflow chamber
[15]. A limited amount of powder can be carried by the pow-
der re-coater due to the few limitations imposed by surplus
powder availability, the process chamber volume, the design
of the machine design, etc. The powder is spread by a raking
mechanism utilizing the weight force of the powder accumu-
lated by the re-coater over the intended powder layer. The
combined weight force acting through the powder particles
above the powder layer decreases as the powder is spread
behind the re-coater. Hence, it may happen that the powder
is unevenly distributed across the build tray from the starting
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to the end line of spreading. Moreover, the size of the powder
particles is in the range from a few micrometers to a few tens
of micrometers (10-45 pum according to the producer’s
datasheets). On their way from the powder feed chamber to
the overflow chamber, the particles pass through the shaking
and rolling movement [13]. These movements intensify the
filtering and aggregation, which leads to a different packing
density of the powder bed [16].

Therefore, it is important to understand the mechanisms of
powder spreading, which causes a variation of the powder dis-
tribution and thus variations of the laser indentation and
thermomechanical processes in Additive Manufacturing.
Considering the aforementioned phenomena, this study was car-
ried out by investigating the porosity, density, and tensile prop-
erties of specimens that were built up at two different locations.
The potential of laser penetration and laser absorption as well as
the thermomechanical properties that occurred during the SLM
process were analyzed and interpreted in this article. Co—Cr—W—
Mo alloy powder was used to fabricate the specimens, due to its
high biocompatibility, ductility, and economic availability [9].
However, in order to obtain additional evidence, a widely used
material, i.e., a Ti-6Al-4V alloy, was also used to fabricate test
specimens and the effects of powder spreading on density are
presented in this article. In summary, these specimens show the
influence of powder spreading over distance, resulting in signif-
icant variations in the properties of the SLM product.

2 Materials and methods
2.1 Material used

The specimens were manufactured using fully dense Co—Cr—
W-Mo alloy and Ti-6A1-4V alloy (grade 5) powder particles
which were provided by Scheftner, Germany. The diameters
of the Co—Cr—W-Mo alloy particles were in the range of 10—
30 um whereas the Ti—-6A1-4V alloy particles’ diameters were
between 10 and 45 pm. Some tiny particles having diameters
about 5 um are present in both powders. The bulk density of
these alloys is 8.8 g/cm® and 4.45 g/cm®, respectively. The
chemical compositions of Co—Cr—W—-Mo alloy are 59.0 wt%
Co, 25.0 wt% Cr, 9.5 wt% W, 3.5 wt% Mo, and 1 wt% Si.
Whereas, Ti-6A1-4V alloy powder contains 89% Ti, 6% Al,
4% V, and < 1% of the elements N, C, H, Fe, and O.

2.2 Specimen selecting and locating

Two forms of Co—Cr—W-Mo alloy specimens were prepared as
shown in Fig. 1b, using cuboidal specimens to measure density
and porosity and tensile specimens to determine tensile proper-
ties. The dimensions of the cuboidal specimens were 3 x 5 x 8
mm”. The tensile specimens had a gauge length of 15.34 mm, a
gauge width of 2 mm, a thickness of 1 mm (continuous), a
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radius of 3 mm at the fillet, and a total length of 33 mm.
These specimens were prepared with an Arrow LMP100 SLM
machine (small SLM machine) equipped with a 100-W YD fiber
laser with a building chamber volume of 90 x 90 x 70 mm” and
manufactured by Dentas, LLC, Maribor, Slovenia. Therefore,
the powder coating length on the build tray was 90 mm. The
specimens were placed in two positions, considering the powder
coating direction, as shown in Fig. 1a by the three-dimensional
schematic representation. Position 1 was chosen near the start of
powder coating, approximately 10 mm from the coating start
line. Position 2 was chosen near the end of the powder coating,
between 70 and 80 mm from the coating start line.

To obtain further evidence, cuboidal samples of the Ti—
6Al4V alloy were prepared in another SLM machine, the
Arrow LMP200 (big SLM machine), equipped with a 200-
W Yb fiber laser provided by Dentas, LLC, Maribor,
Slovenia. The dimensions of the building chamber of this
machine are 125 mm in the X direction, 125 mm in the Y
direction ,and 200 mm in the Z direction. Therefore, the pow-
der coating length on the build tray was 125 mm. In a similar
way, fabricating locations 1 and 2 were selected in-between
10 and 20 mm and 105 and 115 mm from the beginning of
powder coating.

2.3 Fabricating process conditions

The specimens of both materials were prepared at 20°C in a
shielding gas atmosphere with an oxygen content of 0.0-0.5%
in the process chamber. The powder was deposited by a re-
coater from one side to the other side for each layer. The laser
power 70 W, the scanning speed 800 mm/s, the track overlap
40%, and the layer thickness 0.025 mm were selected to fab-
ricate Co—Cr—W-Mo alloy specimens. The shielding gas was
nitrogen. Whereas, these parameters were 60 W, 1000 mm/s,
30%, and 0.025 mm for the Ti-6Al-4V alloy specimens, and
the shielding gas was argon. The laser focus diameter was
0.035 mm for the Co—Cr—W-Mo alloy in the small SLM
machine and 0.045 mm for the Ti—-6Al-4V alloy in the big
SLM machine. The parameters offer high productivity, while
the density meets the requirements of prosthodontics. The area
of the powder supply chamber was 11,370 mm?® (approx.
91 mm X 125 mm) and was increased by 0.033 mm for each
powder recoating step.

2.4 Density measurement

The Archimedes’ principle was applied in measuring the den-
sity of the cuboid Co—Cr—W—Mo and Ti—6A1-4V alloy spec-
imens. The weights of the specimens in air and under ethanol
were measured with an electronic device with an accuracy of +
0.1 mg. The average density of the specimens from each lo-
cation was taken into account by measuring the six specimens.
The maximum and minimum density measurement errors
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Fig. 1 Manufacturing of the specimens. a Three-dimensional schematic diagram of placing the specimens. b Manufactured specimens (the tensile

specimens are after having tensile testing)

were plotted using six specimens along with their sixfold den-
sity measurements.

2.5 Porosity determination

The porosity was observed and measured using a computed
tomography (CT) scanner, Metrotom 1500, provided by Carl
Zeiss. Three of the CT-scanned images for each location were
presented in this article. Only Co—Cr—W—Mo alloy cuboid
specimens were scanned, where all six cuboid specimens were
taken into account for both locations.

2.6 Tensile testing

The tensile tests were performed at room temperature at a
speed of 0.1 mm/min in a Computer Console Control Panel
8500 plus with an INSTRON-1255 data acquisition system.
Five tensile specimens were considered for both fabricating
locations to evaluate the tensile properties. The maximum and
minimum yield strength, ultimate tensile strength (UTS), and
elongation were plotted on the bar graph.

2.7 Powder packing density resolving

After completion of the manufacturing processes, the powders
were collected at two of the aforementioned locations and
observed under the microscopes. The powder packing density
for each location was seen using scanning electron micro-
scope images (SEM). To see the SEM images, powder sam-
ples were collected to the adhesive tape by dipping the tape
into the bulk powder. Loose particles were removed by shak-
ing and blowing by the air stream. However, the tiny particles

eventually adhered to the medium and the big particles due to
the agglutination mechanism, especially the electrostatic
force. It can be misconceived by observing the SEM image
that some powder particles accumulated and created mounded
areas, which in reality are the bumpy zones of the adhesive
tape. To intensify the resolution of the different powder pack-
ing density occurrence, the powders were collected from both
SLM machines for both materials after the completion of three
SLM machining processes. As already mentioned, the SLM
machines were Arrow LMP100 (small SLM machine) and
Arrow LMP200 (big SLM machine) with a powder coating
length of 90 mm and 125 mm, respectively. Four images were
examined for each location and for each fabrication process.

Additionally, the powder grain sizes have been measured
using Scandium SEM Images software provided by Olympus,
Japan. The basic interactive measurements of the distance
diameter of individual spherical powder grains were done
for at least 100 particles. Data were exported to MS-Excel to
perform the statistical analyses. This examination assisted to
count the particle size distribution and counting the numbers
of tiny, small, medium, and big powder particles between two
locations. Thereafter, the average ratios of each classified
sized particles presence between the locations have been de-
livered in this article.

3 Results
3.1 Density difference

The analyses of density, porosity, and tensile properties of the
specimens produced indicate that the location of the
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specimens in relation to the spreading direction of the powder
has a significant influence on SLM product quality. The prop-
erties of the specimens are different at different locations on
the build tray. The densities were measured for all six cuboid
specimens for each location. The densities of the specimens
built up near the powder spreading start line (location 1) were
higher than those of the specimens built up at the location
away from the powder spreading start line (location 2).
Figure 2a, b show the densities of the cuboid specimens made
of'the alloy Co—Cr—W-Mo and the cuboid specimens made of
the alloy Ti-6Al4V, respectively. The Co—Cr—W-Mo spec-
imens at location 1 achieved an average density of 8.60 g/cm’,
while the samples at location 2 had 8.55 g/cm’. Ti-6A1-4V
alloy specimens gave similar results and their densities were
4.27 g/em? at location 1 and 4.21 g/em® at location 2.

3.2 Porosity detection

Similar consequences were observed in porosity detection
using CT scanning. The volumetric porosities of the cuboid
specimens of the alloy Co-Cr—W-Mo are shown in Fig. 3.
The specimens fabricated at location 1 contain comparatively
fewer pores than the specimens belonging to location 2, as
shown in Fig. 3a—c and Fig. 3d—f, respectively. Moreover, it
can be seen that the samples at location 2 contain a higher
number of medium-sized pores than the specimens at location
1. A small number of large pores can be observed in the
specimens at location 2, which is rarely observed in the spec-
imens fabricated at location 1. On close observation, it can
also be noticed that the medium and large pores have a higher
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irregularity in shape. These irregularly shaped pores indicate
that they were formed by moderate and large spattering during
fabrication. The small pores can occur due to the small scale of
spattering, collapse of keyholes, inclusion of gas bubbles, in-
sufficient melting or lack of material in the melt pool to fill the
gap. However, these pores influence the density and mechan-
ical properties of the specimens.

3.3 Locational effect on the tensile properties

The effects of density, porosity, and other defects were attrib-
uted to the tensile properties of the Co—Cr—W—Mo alloy spec-
imens fabricated at two different locations. The ultimate ten-
sile strength (UTS) of the specimens fabricated at location 2
was reduced compared to location 1 and is 954 MPa and 980
MPa, respectively, as shown in Fig. 4a. Likewise, their yield
strengths are 742 MPa and 796 MPa, respectively, as depicted
in Fig. 4b. The elongations at break were 4.6% and 6.5%,
respectively, as depicted in Fig. 4c, which also indicates the
effects of the powder flow and arrangement mechanisms on
the manufacturing process. It is therefore preferable, for the
SLM systems that use a raking powder spreading mechanism,
to build the SLM part as close as possible to the starting line of
the powder coating where the diameters of the powder parti-
cles show a significant difference.

3.4 Powder particle size distribution

The considerable differences in powder particle size distribu-
tions between the two locations were observed. This
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Fig.2 Densities of the specimens built up at different locations on the build tray, where the specimens were fabricated using a Co—Cr—W—Mo

alloy and b Ti-6A1-4V alloy
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Fig. 3 The porosity of the full Co-Cr—W-Mo alloy cuboid specimens,
where (a)—(c) present the porosity of the specimens built up near the
powder re-coater starting line (location 1) and (d)—(f) present the porosity

phenomenon occurred for both machines as well as for both
materials, as shown in Fig. 5. Figure 5a, b shows Co—Cr—W—
Mo alloy powders belonging to location 1 and location 2
respectively, collected from the small SLM machine, where
the powder coating length was 90 mm. Figure 5c, d shows the
particle distribution of Co—Cr—W-Mo alloy powder samples
taken from the big SLM machine at location 1 and location 2,
situated at 10-20 mm and 105-115 mm from the start line,
respectively. The same machine was used for the fabrication

Large spattered zone

of the specimens built up at a place remote from the powder re-coater
starting line (location 2)

of the Ti-6A1-4V specimens after which the powder samples
were taken from location 1 and location 2. Their particle dis-
tribution is shown in Fig. Se, f for location 1 and location 2,
respectively.

A closer look at the SEM images of powder in Fig. 5 shows
that location 1 contains a higher number of small and medium
powder particles than location 2, while location 2 contains a
higher number of big powder particles than location 1. Even
though it can be observed that location 2 contains a high
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Fig. 4 Tensile properties of the Co—Cr—W-Mo alloy specimens fabricated at two different locations on the build tray, where (a) depicts ultimate tensile
strengths, (b) depicts yield strengths, and (¢) depicts elongations up to breaks
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Fig. 5 SEM images of the powders collected from the different locations
after finishing the fabrications in different machines, where (a) and (b) are
the Co—Cr—W-Mo powders belonging to location 1 and location 2
respectively collected from the small SLM machine where the powder
coating length was 90 mm, (¢) and (d) are the Co—Cr—W-Mo powders

number of tiny powder particles. The diameters of the small
Co—Cr—W-Mo particles are between 10 and 15 um, while the
medium particles are between 16 and 25 pm, and finally the
big particles can be assumed to have a diameter above 25 pm.
However, for both materials, some tiny particles with a diam-
eter of about 5 pwm can be observed. It can be clearly observed
that the particles with a diameter between 16 and 25 um are
strongly represented in the powders belonging to location 1,
while the particles with a diameter above 25 pm can be ob-
served in the location 2. For the Ti-6A1-4V alloy, the small,
medium, and big particles with diameters between 10 and 20
pum, 21 and 30 wm, and 31 and 45 pm respectively can be
classified. Similarly, location 1 contains a higher number of
particles of Ti—6Al-4V alloy with diameters of 10-30 um
compared to location 2. Whereas location 2 contains a higher
number of bigger particles with diameters of 31-45 um.

The particle counting software provided significant conse-
quences in powder particle size distribution. The ratio of the
number of particles that existed in location 1 and location 2 are
3:1 and 3:2.4 for the particle diameters between 10 and 15 pm
and 16 and 25 pum respectively for Co-Cr—W-Mo alloy. On
the other hand, this ratio became 2.2:3 for the Co-Cr—W-Mo
particle diameters above 25 um. For the tiny particles of Co—
Cr—-W-Mo, this ratio became 1:3 as expected. Similar

@ Springer

belonging to location 1 and location 2 respectively collected from the big
SLM machine where the powder coating length was 120 mm, and (e) and
(f) are the Ti-6Al-4V powders belonging to location 1 and location 2
respectively collected from the big SLM machine where the powder
coating length was 120 mm

outcomes have been observed in Ti—6Al-4V alloy particle
distribution as well. Their ratios are about 3:2 and 3:2.5 for
the small and medium particles respectively considering their
diameter range between 10 and 20 um and 21 and 30 pum,
respectively. Whereas the big particles above 30 um occupied
1:2 in ratio. As usual, the tiny particles distributed among the
location in a ratio of about 1:2. These ratios are provided
taking the average number of the particle collections.
However, the ratios are a little different between the SLM
machines where the small and medium particles are lesser in
location 2 than the location 1 in the big SLM machine where
the powder coating direction was longer. Thus, the small and
medium particles more dropped before reaching the location
2. Hence, the big particles are more in number at the location 2
for this machine.

According to the SEM images of the powders belonging to
both locations, it was found that the larger irregularly shaped
particles are present at location 2. The shapes of the particles are
very irregular, ovoid, cylindrical, and those fused from two or
more particles, which is shown in Fig. 6a—d. Several particles
with a very uneven surface were seen, as shown in Fig. 6b.
Only very few irregular, nonspherical particles were observed
in the powder belonging to location 1. Among them, most of
the particles are cylindrical with smaller sizes.
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Fig. 6 Various shaped particles noticed in the Co—-Cr—W-Mo alloy powder belonging to location 2 where (a)—(c) were collected from the small SLM

machine and (d) was collected from the big SLM machine

4 Discussion
4.1 Primary cause: powder packing density

The main cause of the consequences is a variation of the pow-
der packing density from one location to another along the
powder spreading direction. This variation was caused by
the influence of the flow mechanism among different sizes
of powder particles during powder layering [16, 17]. The fric-
tional and gravitational forces played a decisive role in the
flow mechanism of the powder [13]. In addition to these

forces, agglutination occurred among the particles, especially
between smaller particles [18]. Surface forces such as cohe-
sive, frictional, Van der Waals, and electrostatic forces help to
agglutinate the particles [19]. Besides these mechanisms, the
flowability of the powder also depends on the particle size and
shape [20].

The re-coater carries a limited amount of powder with it,
which decreases during the spreading. Therefore, the com-
bined weights of the powder particles cause differences
among the areas from the start to the end line of the spreading.
The weight of the powder that is above the defined powder
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layer is a factor that ensures the compaction of the layer. The
weight decreases from the start line to the end line of the
powder spreading line, because powder is deposited and lost
during spreading. Therefore, the apparent bulk density of the
powder decreases along the powder spreading direction. It can
therefore also be determined that the material with a higher
mass causes a higher difference in the compaction of the pow-
der. As the density of the Co—-Cr—W-Mo and Ti—6Al-4V
alloys is 8.8 g/mm?® and 4.45 g/mm?>, respectively, the com-
paction difference between them was greater when consider-
ing the locations.

Moreover, the diameter of the Co—-Cr—W-Mo and Ti-6Al-
4V alloy powder particles was in the range of 10 to 30 um and
5to 45 um, respectively. The particles underwent the shaking
and rolling phenomenon during transfer from the powder sup-
ply tray to the overflow chamber via the building tray. The
shaking results from the interactions between the particles
during the forward movement by the impulsion force provided
by the re-coater. The rolling is also based on this impulse
force. The combined effect of the shaking and rolling phe-
nomenon ensures that the smaller particles are filtered. This
filtration is achieved by the passage of smaller particles be-
tween the interparticle gaps of the relatively bigger particles.
The smaller particles moved downwards due to the gravita-
tional force, as depicted in Fig. 7a. Eventually, the smaller
particles move downwards, and likewise the bigger particles
automatically move upwards by providing the gaps for the
smaller particles.

Furthermore, there is a higher cohesion between the small-
er particles than between the bigger particles. Therefore small-
er particles adhere to each other [17]. On the other hand, the
frictional force caused by rolling between adjacent particles is
different for different particle sizes [13]. For the big particles,
the frictional force is lower due to the reduction of the contact
surfaces, which leads to an increased rotation of the powder
particles. Thus, most of the smaller particles initially moved
downwards and helped other small particles to move down-
wards and stick together by means of the Van der Waals force
and the frictional force [13, 19]. The bigger particles were
easily scraped away, and usually fell onto the far end of the
build tray as shown in Fig. 7b. Eventually, the bulk density of
the powder bed is higher in the areas populated by the smaller
particles than in the areas with bigger particles [21].
Consequently, the starting area contains a higher bulk density
of the powder compared to the more distant area along the
powder spreading direction.

By these aforementioned mechanisms, especially by
rolling and smooth falling down, the spherical particles fall
faster and most of them at their starting locations. In contrast,
the irregularly shaped, nonspherical particles were scraped
away and pushed to the more distant places. Hence, most of
the irregularly shaped particles, such as spherical particles
with high roughness (ovoid, cylindrical, etc.), can usually be
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observed at Co—Cr—W-Mo alloy powders belonging to loca-
tion 2. These particles took up more space and reduced the
packing density of the powder layer.

Interestingly, although the mechanism of the smaller parti-
cles falling at the beginning of powder spreading can be ob-
served and understood, the tiny particles are clearly visible at
location 2. The tiny particles are associated with a higher
cohesive force and a lower gravitational force. Subject to these
forces together with a higher frictional and electrostatic force,
they cannot move downwards. Hence, they stick to the big
particles and move to the distant area. An additional proof that
supports the idea of the electrostatic force that occurred in the
tiny particles can be drawn. It can be observed that the tiny
particles adhere to the big particles, as shown in Fig. 5d, while
other particles adhere to the adhesive tape. Although the ex-
cess particles were removed by shaking and blowing off dur-
ing sample preparation, the tiny particles eventually adhered
to the big particles. However, a higher number of tiny particles
with a diameter of about 5 um can be seen on the powder
sample belonging to the location 2. Eventually, they contrib-
ute advantageously to the packing density of the powder.

4.2 Secondary cause: fusion mechanisms

Several dissimilarities occurred in the fusion mechanisms be-
tween two different locations. The uniform compaction of the
powder particles of small and medium size favors the steady
penetration of the laser [13, 22], as shown schematically in
Fig. 8a. This property supports the proper melting of the pow-
der to create a perfect melt pool, as shown schematically in
Fig. 8b. Moreover, the melt pool, supported by the surround-
ing particles, can obtain physical stability. These processes
allow less spattering of powder particles and spattering of
molten metal. Due to the higher compaction of the powder,
less powder spattering occurred, and the particles were bond-
ed together by agglutination. On the other hand, there are
fewer tiny particles at location 1 because they had a higher
potential to spatter from the actioning zone. Eventually, loca-
tion 1 lost a small amount of material. Also, the possibility of
collapsing keyholes will be less due to the constant supply of
material and the uniform laser penetration at this location.
Unfavorably, bigger particles on the top of the layer reduce
the penetration of the laser [23]. A high proportion of the laser
beam is reflected from the top surface of the layer, as a smaller
number of interparticle spaces remain, as depicted in Fig. 8c.
This phenomenon leads to insufficient absorption of the ther-
mal energy in the action zone. Insufficient heat is either unable
to melt all powder particles or causes a high melt pool viscosity.
Highly viscous molten metal cannot flow into the unmelted
zone to fill the pores. In addition, this molten metal is easily
obstructed by the big particles, which negatively affects the
pore formation at location 2. Furthermore, this melt pool is
not able to melt all particles perfectly as shown in Fig. 8d.
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Fig. 7 Powder flow and arrangement mechanisms during collecting and spreading them during the SLM process. a The re-coater collecting the powder
from the supply chamber and b the re-coater spreading the power on the build tray

Likewise, the melt pool penetrates poorly into the preceding
layer, creating pores in the boundary between the two layers.
On the other hand, big- and medium-sized irregular parti-
cles create open spaces, which in turn results in a lower pack-
ing density. These large open spaces allow a high penetration
depth of the laser, as depicted schematically in Fig. 8e. This
can lead to a rapid high heat build-up during the action, which
in turn causes an explosion due to a sudden expansion of the
gas trapped in the interparticle spaces. This phenomenon leads
to massive material spattering, through which the melt pool
loses a lot of material [24]. On the other hand, a higher void
space means less material in the zone. Therefore, a high

induction of the laser with a small amount of material gener-
ates a small melt pool with low viscosity, as shown in Fig. 8f.
A small melt pool provides space for pore formation. Since
this zone absorbs high heat, it can lead to deeper melting in the
preceding layer, as shown in Fig. 8f. Re-melting a large vol-
ume of the preceding layer and absorbing high energy leads to
a microstructural alteration [25]. Moreover, this irregular in-
terparticle gap interrupts the continuation of the keyhole
movement and must therefore create a pore.

However, the tiny particles moved to location 2, which had
a significant positive effect on the powder packing density.
Unfortunately, due to the heat shock and the low weight, these
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Fig. 8 Location and powder particle size-dependent melt pool formation; a
schematic representation. Where (a) is the powder-laser interaction at lo-
cation 1 and (b) the corresponding melt pool formation at location 1, (c) the
powder-laser interaction at location 2 while particles are bigger and (d) the

particles have a high potential to spatter out of the action zone.
Therefore, the tiny particles that remain on top of the layer can
be removed from their positions and reduce the amount of
material at the melt pool. It can also be observed that a tiny
particle of Ti—6Al-4V alloy has a higher potential in the
spattering mechanism than a tiny particle of Co—-Cr—W-Mo
alloy. Overall, the Co—-Cr—W-Mo alloy powder at location 2
contained a higher number of irregular particles compared to
Ti-6Al-4V alloy powder, but a smaller number of tiny parti-
cles were lost. These phenomena compensated for the differ-
ence in density between two different materials.

When a laser acts at the location 2, which contains big
particles with a lower powder packing density, these proper-
ties can allow for higher laser penetration. However, less ma-
terial creates a smaller volume of the melt pool, which gains
an equal or higher amount of thermal energy than a normal
melt pool. Therefore, the smaller melt pool gains a compara-
tively higher amount of energy, which leads to a reduction in
viscosity. Due to the lower viscosity, the surface tension is
also lower and material spattering increases [26]. The
spattering could have occurred with molten metal or a mixture
of molten metal and partially molten powder particles. Small
mixed spattered particles can easily melt during subsequent
scanning, while large ones remain as defects with brittleness
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corresponding melt pool formation at location 2 with partially melted par-
ticles, and (e) the powder-laser interaction at location 2 while particles are
irregular and (d) the corresponding melt pool formation at location 2 with a
lower level of melt pool than expected layer

[27]. Therefore, places containing bigger particles absorbed an
enormous amount of energy resulting in higher spatter and
defects at location 2.

There is another perspective of powder particle spattering
due to the heat shock and the expansion of the gas that exists at
the interparticle spaces. The bigger particles get a stronger
topological depression due to the rapid heating, which leads
to spattering and thus to a denudation at the action zone [26].
Moreover, the bigger powder particles provide larger spaces
for the inert gas. During the rapid heating, the inert gas ex-
pands rapidly and exerts a thrust on the particles, which in-
creases the spattering of the powder particles from the sur-
roundings of the action zone. Finally, due to their different
locations along the powder spreading direction, the samples
received different amounts of material, resulting in the differ-
ent densities among them.

The tensile properties of the specimens were directly influ-
enced by their density, porosity, defects, and melting mecha-
nism. The higher number of spattering defects and pores that
occurred in the specimens belong to location 2. These defects
and pores are very critical due to their brittleness under me-
chanical stress, and the pores are very irregular, with trenches
and corners. The trenches and corners accumulate stresses and
initiate microcracks, resulting in lower elongation at break.
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Higher energy caused the higher brittleness and together with
the higher number of pores caused the reduction of strain in
the specimens at location 2.

5 Conclusions

The authors have investigated and reported the occurrence of
different densities, porosities, and tensile properties of the se-
lectively laser-melted specimens fabricated at different loca-
tions on the build tray. The densities of the specimens de-
creased from the start line to the end line of the powder spread-
ing direction because of the increased porosity.

The consequences occurred due to the different compaction
and packing densities of the powder particles along the pow-
der spreading direction. The shaking, rolling, and cohesion
forces encouraged the smaller powder particles to fall down
near the spreading starting line. The bigger particles rolled
away by means of the lower frictional force and were scraped
off by the re-coater, which dropped them into remote areas.

Although the results of this research were obtained on spe-
cific SLM machines, the gained knowledge can be general-
ized for use in any AM powder bed system equipped with a re-
coater based on the raking mechanism.
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