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Characteristics of the deposited layer in a powder bed fusion (PBF) system depend on the formation of the fed-powder layer. The
objective of this paper is to investigate the influence of feeding parameters of the powder on the formation of the fed-powder layer
in a PBF system. The effects of the gap between the feeding blade and the base plate, the volume of the powder and the supplied
shape of the powder on the formation of the fed-powder layer and the defect mode of the powder bed were investigated via manual
powder feeding experiments. From the results of the manual experiments, appropriate feeding conditions for achieving the desired
formation of the fed-powder layer were estimated. The influence of the speed of the feeding blade and the supplied shape of powders
on the formation of the fed-powder layer was examined through automatic powder feeding experiments. From the results of the
automatic experiments, a practical speed of the feeding blade and an appropriate supplied shape of powders were determined.
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NOMENCLATURE t = deposition thickness of the powder
d = diameter of the building platform
¢ = gap between feeding blade and base plate V = speed of feeding blade
Q= volume of the powder Dp max = Maximum diameter of the powder

A = supplied shape of the powder

o = maximum width of the fed-powder layer
v = width of the fed-powder layer in the centerline of the building
platform

1. Introduction
¢ = maximum length of the fed-powder layer on the building

platform In recent years, interest in additive manufacturing (AM) technology

n = filling ratio on the building platform has been greatly increased due to its potential for easy fabrication of

A= filled area by powders on the building platform three-dimensional parts with arbitrary shapes using the layer-by-layer

A = total area of the building platform deposition.'* Since the stereolithography process was developed by

Qe = critical gap from the viewpoint of the width of the fed- Charles Hull in 1984, various AM technologies have been introduced.*®
powder layer in the centerline of the building platform The developed AM technologies can be classified into plastic and metal
. = critical gap from the viewpoint of the maximum length of AM technologies according to the used material.">” The metal AM
the fed-powder layer on the building platform technologies can manufacture functional parts directly without additional
¢, = minimum gap without any defect processes, while the plastic AM technologies need a secondary process
K = normalized volume ratio to fabricate functional parts.”® Sheet lamination, binder jetting, powder

bed fusion (PBF), and direct energy deposition (DED) processes are

© KSPE and Springer 2017 N Springer
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Fig. 1 Classification of the powder feeding system according to
feeding methodology

Table 1 Feeding type of the commercialized PBF apparatus

Type of process Type of Company Model
PBS
Selective laser ~ CFD SLM solution SLM 500 HL"
melting SFD Concept laser M2'6
Selective laser CFD 3D systems Sinterstation HiQ'"”
sintering SFD 3D systems ProX SLS 500'®
Direct metal laser CFD 3D systems ProX 300"
sintering SFD EOS EOS M 280%
Electron beam ¢y ArcamAB Q 20
melting

representative processes of the metal AM technology.”!° Most of
commercialized metal AM systems, including selective laser sintering
(SLS), selective laser melting (SLM), direct metal laser sintering (DMLS),
and electron beam melting (EBM) processes, use the PBF process as
their fundamental working principle.”!°

Metallic PBF processes include two sub-steps, such as powder feeding
and deposition steps, to create metallic parts. In the powder feeding
step, metallic powders are fed to the building platform to form a proper
fed-powder layer."*7 In order to create desired shapes in a layer, fed
metallic powders are melted by high density energy sources, such as
lasers and electron beams, and the melted powders are, subsequently,
solidified. These sub-steps are repeated until a final layer is created.
Finally, desired three-dimensional parts are fabricated.””

Characteristics of the deposited layer that occur in the deposition step,
including shapes, thickness and width of the solidified bead, depend on
the formation of the fed-powder layer. In order to obtain the deposited
layer with the desired quality, the fed-powders should uniformly lie on
the building platform without any defects. The deposition characteristics
of the fed-powder layer are influenced by the feeder type and the feeding
parameters. The commercial PBF system adopts two types of feeder
including rollers and rakes with knife edges.'"!*

In the commercial PBF system with a rake type feeder, the feeding
system of powders can be classified into a continuous feeding (CF)

system and a sequential feeding (SF) system according to the feeding

methodology, as shown in Fig. 1 and Table 1.'2' In the CF system, the
feeder is attached to the hopper containing metallic powders, as shown
in Fig. 1(a). The supply of powders through the hopper and the feeding
of the supplied powders using the feeder are simultaneously carried out
to create the fed-powder layer, as shown in Fig. 1(a). In the SF system,
the feeder and the hopper are separated, as shown in Fig. 1(b). The
powders are applied to the base plate through the hopper. Subsequently,
the supplied powders are delivered to the building platform to form the
fed-powder layer, as shown in Fig. 1(b).

Previous researchers have reported that representative feeding
parameters of the commercial PBF system are the material of the feeder,
the speed of the feeder, the material of the powder, the shape of the
powder, the applied pressure to the powder, the volume of the powder,
the geometry of the feeding system, etc..”>** Van der Schueren and Kruth
have researched the influence of the material of the powder on the
packing density of the fed-powder layer for the case of SF systems with
a blade type feeder. They have also investigated the effects of humidity
on the flow rate of the powder for this system.?* Kurzynowski et al. have
investigated the influence of the grain size and the shape of the powder
on the feeding characteristics.* Even though the formation of the fed-
powder layer greatly affects the characteristics of the deposited layer,
only a few research works has attempted to investigate the influence of
feeding parameters on the formation of the fed-powder layer for the
estimation of proper feeding conditions.

The objective of this paper is to investigate the influence of feeding
parameters of the powder on the formation of the fed-powder layer in
a PBF system. The effects of the gap between the feeding blade and the
base plate, the volume of the powder, and the supplied shape of the
powder on the formation of the fed-powder layer and the defect mode
of the powder bed were investigated via manual powder feeding
experiments. Feeding conditions appropriate to create the desired
formation of the fed-powder layer were estimated. The influence of the
speed of the feeding blade and the supplied shape of powders on the
formation of the fed-powder layer was examined through automatic
powder feeding experiments. A practical speed of the feeding blade and

an appropriate supplied shape of powders were determined.

2. Experiments

2.1 Manual powder feeding experiments

In order to investigate the effects of feeding parameters on the
formation and defect mode of the fed-powder layer, manual powder
feeding experiments were performed. The gap between the feeding
blade and the powder (@), the volume of the powder (Q2) and the
supplied shape of the powder (A) were chosen as feeding parameters of
the manual powder feeding experiment, as shown in Fig. 2. Fig. 3
illustrates experimental set-up of the manual powder feeding
experiment. The dimensions of the set-up for the manual powder
feeding experiments were 240 mm x 340 mm x 104 mm, as shown in
Fig. 3(a). The diameter of the building platform and the thickness of the
deposited layer were set to 85 mm and 0.5 mm, respectively. The single
blade with a knife edge was designed to feed the Stellite21 powders to
the building platform, as shown in Fig. 3. The feeding width of the blade

was 126 mm. The distance from the center of the supplied powder to
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Fig. 3 Experimental set-up of manual powder feeding experiments

Table 2 Conditions of manual powder feeding experiments

Q (mL) A
2.5-1.0 Elliptical and circular shapes

¢ (mm)
0.2-1.0

that of the building platform was set at 75 mm, as shown in Fig. 3.
Table 2 shows conditions of the manual powder feeding experiments.
The gap between the feeding blade and the base plate ranged from 0.2
to 1.0 mm. The volume of the powder lay in the range of 2.5-1.0 mL.
Elliptical and circular shapes were chosen as the supplied shape of
powders. Stellite21 super-alloy powders with a spherical shape were
chosen as fed powders of the manual powder feeding experiment, as
shown in Fig. 4. The diameter of the Stellite21 powders ranged from
45 to 150 pm.

The maximum width of the fed-powder layer (®), the width of the
fed-powder layer at the centerline of the building platform (y), and the
maximum length of the fed-powder layer on the building platform ()
were selected as measures to investigate the formation of the fed-
powder layer quantitatively, as shown in Fig. 5. In addition, in order to
examine the influence of the feeding parameters on filling characteristics
of powders in the building platform, the filling ratio (h) was estimated
using Eq. (1). Fig. 6 illustrates the definition of the filled area by powders
on the building platform (/). The total area of the building platform (/,)

Fig. 4 Morphology of Stellite21 super-alloy powders
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layer (w) **+-. “the building platform ()
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Fig. 5 Definition of the maximum width of the fed-powder layer (o),
the width of the fed-powder layer at the centerline of the
building platform (y) and the maximum length of the fed-
powder layer on the building platform ()
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Fig. 6 Definition of the filled area by powders on the building
platform (1y)

was nearly 5,648 mm?.
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2.2 Automatic powder feeding experiments

Automatic powder feeding experiments were carried out to
investigate the influence of the speed of the feeding blade and the
supplied shape of powders on the formation of the fed-powder layer.
Fig. 7 shows the set-up of automatic powder feeding experiments. The
diameter of the building platform of the deposited layer was set to 60
mm. The edge shape of the blade for the automatic feeding experiment
was the same as that of the manual feeding experiment. The speed of
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Fig. 7 Experimental set-up of automatic powder feeding experiments

the feeding blade and the deposition thickness of the building platform
were controlled by stepping motors and the PLC control system. The
speed of the feeding blade (V) in the automatic powder feeding
experiment ranges from 10 to 30 mm/s. The estimated proper feeding
conditions, including the gap between the feeding blade and the
powder, and the proper volume of the powder to be provided, from the
manual powder feeding experiment were applied to the automatic
powder feeding experiments.

3. Result and Discussion

3.1 Formation of the Fed-powder Layer

The influence of feeding parameters on the maximum width of the
fed-powder layer was investigated using results of manual powder
feeding experiments, as shown in Fig. 8. The maximum width of the
fed-powder layer decreased when the gap between the feeding blade
and the base plate increased. This was due to the fact that the thickness
of the fed-powder layer augmented when the gap increased. The
maximum width of the fed-powder layer increased when the volume of
the powder augmented. The maximum width of the fed-powder layer
for the elliptical supplied shape of the powder was greater than that for
the circular supplied shape of the powder by factors of nearly 1.1 to 1.4
times, as shown in Fig. 8. From this result, it was noted that the elliptical
supplied shape was more effective than the circular supplied shape in
terms of the formation of the fed-powder layer on the base plate. The
ratio of increase in the maximum width of the fed-powder layer with
the change in the supplied shape of powders from circular shape to
elliptical shape decreased from 37% to 6% when the volume of the
powder increased. From this result, it was concluded that the maximum
width of the fed-powder layer was hardly influenced by the supplied
shape of powders when the volume of the powder exceeded 10 mL. The
maximum width of the fed-powder layer was smaller than the diameter
of the building platform irrespective of the gap when the supplied shape
of the powder and the range of the powder volume were circular and
2.5~5.0 mL, respectively, as shown in Figs. 8(a), (c¢) and (d).

Fig. 9 shows the effects of feeding parameters on the width of the
fed-powder layer at the centerline of the building platform. The fed-
powder layer at the center line of the building platform of the circular
supplied shape of powders were wider than those of the elliptical
supplied shape of powders when the volume of the powder was 2.5 mL,
as shown in Fig. 9. However, widths of the fed-powder layer for the
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(a) Maximum widths for different feeding conditions
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(d) A= Circular, @ = 2.5 mL and ¢ = 0.2 mm

Fig. 8 Influence of feeding parameters on the maximum width of the
fed-powder layer

circular supplied shape of the powder were almost the same as those for
the elliptical supplied shape of the powder when the volume of the
powder was more than 7.5 mL, as shown in Figs. 9(a) and (b). The
width of the fed-powder layer at the center line of the building platform
was identical to the diameter of the building platform under several
experimental conditions, as shown in Figs. 9(a) and (c). From this result,
critical conditions needed to deposit powders fully on the building
platform in the direction perpendicular to the feeding direction were
estimated, as shown in Table 3. The minimum volume of the powder
to fully deposit powders on the building platform in the direction
perpendicular to the feeding direction was nearly 5.0 mL when the
supplied shape of the powder was an elliptical shape, while that of the
powder was nearly 7.5 mL when the supplied shape of the powder was
a circular shape. This resulted from the fact that the initial width of the
elliptical supplied shape of the powder was wider than that of the circular
supplied shape of the powder. From those results, it was revealed that
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Table 3 Critical conditions to deposit powders fully on the building
platform in the direction perpendicular to the feeding direction
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Fig. 10 Influence of feeding parameters on the maximum length of
the fed-powder layer on the building platform

Table 4 Critical conditions to deposit powders fully on the building
platform in the feeding direction

A Q (mL) Qe (mm) A Q (mL) Qe (mm)
5.0 0.2 5.0 0.2-0.3
Elliptical shape 7.5 0.2-0.4 Elliptical shape 7.5 0.2-0.6
10.0 0.2-0.5 10.0 0.2-1.0
Circular shape 7.5 0.2-0.4 5.0 0.2-0.3
10.0 0.2-0.5 Circular shape 7.5 0.2-0.7
10.0 0.2-1.0

the elliptical supplied shape of the powder was superior to the circular
supplied shape of the powder in terms of the deposition of the powder
on the building platform in the direction perpendicular to the feeding
direction.

Fig. 10 shows the influence of feeding parameters on the maximum
length of the fed-powder layer on the building platform. The maximum
length of the fed powder on the building platform for the elliptical
supplied shape of powders was shorter than those for the circular
supplied shape of powders unlike the width of the fed-powder layer at
the centerline of the building platform. From this result, it was noted
that the elliptical supplied shape of the powder was inferior to the
circular supplied shape of the powder from the viewpoint of the
deposition of the powder on the building platform in the feeding

direction. The maximum length of the fed-powder layer on the building
platform was shorter than the diameter of the building platform
irrespective of the supplied shape of the powder, and the gap between
the feeding blade and the base plate when the volume of the powder is
less than 2.5 mL. In contrast, the maximum length of the fed-powder
layer on the building platform was identical to the diameter of the
building platform regardless of the supplied shape of the powder and
the gap, when the volume of powder was more than 10 mL, as shown
in Fig. 10. The critical condition, for which the maximum length of the
fed-powder layer was identical to the diameter of the building platform,
began to appear when the volume of the powder was 5.0 mL, as shown
in Fig. 10(a). The range of the desired gap between the feeding blade
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Table 5 Conditions to examine the influence of feeding condition on
the defect mode of the base plate and the fed-powder layer

A Q (mL) ®c; (Mmm)
. 7.5 0.2-0.4
Elliptical shape 10.0 0205
5.0 0.2
Circular shape 7.5 0.2-0.4
10.0 0.2-0.5

and the base plate, for which the maximum length of the fed-powder
layer was the same as the diameter of the building platform, increased
when the volume of the powder augmented. The range of the desired
gap for the elliptical supplied shape of the powder was narrower than
that for the circular supplied shape of the powder when the volume of
the powder was 7.5 mL. Through the investigation of the influence of
feeding parameters on the maximum length of the fed-powder layer on
the building platform, critical feeding conditions were estimated from
the viewpoint of the deposition of powder on the building platform in
the feeding direction, as shown in Table 4.

3.2 Defect modes and practical feeding conditions

In order to estimate practical feeding conditions without any defects
in the base plate and the fed-powder layer, the influence of feeding
conditions on the defect mode of the base plate and the fed-powder
layer was examined. The conditions, which satisfy the conditions in
Tables 3 and 4 together, were applied to examine the defect mode in the
base plate and the fed-powder layer, as shown in Table 5.

Through the investigation of the base plate and the fed-powder layer
under the conditions in Table 5, two types of defect modes, including
damage of the base plate and insufficient filling of powder on the
building platform, were observed.

Several scratches were found in the base plate after finishing the
manual feeding experiments for the condition of a gap of 0.2 mm, as
shown in Fig. 11(a). This might be ascribed that scratches, which were
induced by the trapping of powders between the base plate and the
feeding blade, which accumulated on the base plate during the
experiment under the condition of a gap of 0.2 mm. However, the
scratches were not observed on the base plate irrespective of the
supplied shape and the volume of the powder when the gap was more
than 0.3 mm, as shown in Fig. 11(c). From these results, the minimum
gap without any defect (9,) was determined to be 0.3 mm. Moreover,
the relationship between the gap and the maximum diameter of the

Stellte21 powder was estimated, as shown in Eq. (2).

Py = 2XDp.max (2)

The filling ratio was estimated for the conditions of Table 5 except
for the gap of 0.2 mm, as shown in Fig. 12. The building platform was
perfectly filled with the powder irrespective of the supplied shape of
the powder, and the gap between the base plate and the feeding blade
when the volume of the powder was 10.0 mL, as shown in Fig. 12. The
filling ratio changed according to the gap between the base plate and
the feeding blade when the volume of the powder was 7.5 mL, as shown
in Figs. 12 and 13. The filling ratio was below 100% irrespective of the
supplied shape of powders when the volume of the powder, and the gap
between the base plate and the feeding blade were 7.5 mL and 0.4 mm,

<+ Scratches

Base plate

Before removal of powders After removal of powders

(a) p = 0.2 mm (single experiment)

th;; removal of nowdrs
(b) ® = 0.2 mm (repeated experiments)

3 Base plate

Before removal of powders ' After removal of powders
(c)p=03mm

Fig. 11 Influence of the gap between the base plate and the feeding
blade on the occurrence of scratches on the base plate
(elliptical supplied shape of powders)

o0 =7.5mL, A= Elliptical
%0 =7.5mL, A= Circular

100 RS
9% |

=m0 =10.0mL,A = Elliptical
¥0 = 10.0mL, A = Circular

@

92

n(%)

N
0.4
¢ (mm)

Fig. 12 Filling ratios for different feeding conditions

respectively, as shown in Figs. 12 and 13(a). However, the filling ratio
was 100% irrespective of the supplied shape of the powder when the
volume of the powder, and the gap between the base plate and the
feeding blade were 7.5 mL and 0.3 mm, respectively, as shown in Figs.
12 and 13(b). The filling ratio of the circular supplied shape of the
powder was slightly greater than that of the elliptical supplied shape of
the powder when the volume of the powder, and the gap between the
base plate and the feeding blade were 7.5 mL and 0.4 mm, respectively,
as shown in Fig. 12.

From the results of the investigation of the defect mode and the
filling ratio, the feeding map was estimated, as shown in Fig. 14.
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Table 6 Normalized volume ratios for perfect filling conditions (¢ =

0.3 mm)
A Q (mL) K
Elliptical and 7.5 2.64
circular shapes 10.0 3.53

Using the feeding map, the proper feeding condition was determined
to be a gap of 0.3 mm and the powder volume of 7.5 mL, as shown in
Fig. 14. In addition, normalized volume ratios for perfect filling
conditions were predicted using Eq. (3). Table 6 shows the estimated
normalized volume ratios for perfect filling conditions.

_ 4,000
tnd®

3

3.3 Speed of the feeding blade

The automatic feeding experiments were performed to determine a
practical speed of the feeding blade. Using the results of the manual
feeding experiment, the gap between feeding blade and base plate, and
the normalized volume ratio were chosen as 0.3 mm and 2.64,
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4

(f) Elliptical shape (V = 30 mm/s)

Fig. 15 Influence of the speed of feeding blade and the supplied
shape of powders on the formation of the fed-powder layer
(¢ =0.3 mm and x=2.64)
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Fig. 16 Influence of the supplied shape of powders on the lead
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respectively. The volume of supplied powders in the automatic feeding
experiments was predicted using Eq. (3). The estimated volume of the
supplied powders was nearly 3.8 mL.

Fig. 15 shows results of the automatic feeding experiments. The
building platform was perfectly filled by supplied powders irrespective
of the speed of the feeding blade in the range of feeding speed used in
the automatic feeding experiment. In addition, the filling pattern of the
fed-powder layer was almost identical regardless of speed of the
feeding blade. From those results, it was noted that the formation of the
fed-powder layer on the building platform was hardly influenced by the
speed of the feeding blade within the range of 10-30 mm/s. In addition,
an appropriate speed of the feeding blade for the automatic powder
feeding system was determined to be 30 mm/s.

The influence of the supplied shape of powders on the formation of
the fed-powder layer under dynamic conditions was examined, as shown
in Fig. 16. In an early stage of the powder feeding, the width of the fed-
powder layer for the elliptical supplied shape of powders was wider
than that for the circular supplied shape of powders. The lead distance
was estimated to quantitatively investigate the effects of the shape of
supplied powders on the fed-powder layer. Fig. 16(a) illustrates the
definition of the lead distance. The lead distance for the elliptical
supplied shape of shape.

4. Conclusions

In this paper, the influence of feeding parameters on the formation of
the fed-powder layer in a PBF system was investigated via experiments.

The effects of the feeding parameters on the maximum width of the
fed-powder layer, the width of the fed-powder layer at the centerline of
the building platform, and the maximum length of the fed-powder layer
on the building platform were examined via manual feeding experiments.
The gap between the feeding blade and the base plate, the volume of
powders, and the supplied shape of powders were chosen as the feeding
parameters in the experiments. From the results of the examination,
critical conditions to deposit powders fully on the building platform in
both the direction perpendicular to the feeding direction and the feeding
direction were estimated.

The influence of feeding conditions on the defect mode of the base
plate and the fed-powder layer was investigated to estimate proper
feeding conditions without any defects in the base plate and the fed-
powder layer. Two types of defect modes, including damage of the base
plate and insufficient filling of powders on the building plate, were
observed. The damage of the base plate was mainly influenced by the
gap between the feeding blade and the base plate. The relationship
between the gap and the maximum diameter of the used powder was
predicted to preserve the base plate from the damage. Perfect filling
conditions were estimated to prevent insufficient filling of powders on
the building platform. From the results of investigation of the defect
mode and the filling ratio, a feeding map was created. Using the feeding
map, an appropriate feeding condition has been determined to be a gap
of 0.3 mm and the powder volume of 7.5 mL. In addition, normalized
volume ratios for perfect filling conditions without any defects were
estimated.

The effects of the speed of the feeding blade and the supplied shape
of powders on the formation of the fed-powder layer under dynamic
conditions were examined via automatic powder feeding experiments.
From the results of the automatic experiments, a practical feeding speed
was determined to be 30 mmy/s. In addition, it was shown that the lead
distance of the feeding blade in the PBF system and the amount of used
powders could be considerably reduced when the supplied shape of
powders was changed from a circular shape to an elliptical shape.

In future, additional experiments should be carried out to investigate
the influence of shape, structure and dimension of the feeding blade on
the formation of the fed-powder layer on the building plate.
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