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Abstract

One of the key aspects of the laser powder bed fusion (L-PBF) process is the quality of the raw powder since it affects the
final properties of the manufactured parts. In this study, 13 batches of Inconel® 718 powder were analysed, all of them being
specially designed for L-PBF technology and meeting similar requirements but coming from different suppliers. Therefore,
these batches have certain differences in their characteristics, including the particle size distribution (PSD). This study pre-
sents the relationship between the PSD of each batch and the surface roughness obtained in the manufactured parts. For the
roughness study, Sa and Sz parameters are presented; in addition, the size and frequency of the particles adhered to the surface
were quantified, and an autocorrelation analysis was carried out. Furthermore, after this analysis, the parts were sandblasted
in order to repeat the same analysis after removing the adhered particles from the surface. This work points to the fact that
the particles adhered to the surface are the smallest particles in the powder batch, and their size affects the roughness of the
final part. This means that the surface roughness is strongly related to the fraction of smaller particles within the PSD of the

batch, while there is no relationship between the surface roughness and the larger particles.

Keywords Laser powder bed fusion - Roughness - Adhered particles - Surface - Powder particle size distribution

1 Introduction

Laser powder bed fusion (L-PBF) technology is one of
the additive manufacturing (AM) technologies that have
been most developed in recent years for the manufacture of
functional metal parts [1]. This is due to its better surface
quality and higher dimensional accuracy compared to other
AM technologies [2], as well as the ability to manufacture
very complex structures [3]. These advantages make this
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technology very attractive for certain sectors, such as the
aerospace and medical industries where weight reduction
is crucial [3].

For the manufacture of these components, metal pow-
der is supplied directly into the manufacturing chamber
layer-by-layer. Layer thickness is selected depending on the
required surface finishing, and it is usually between 20 and
60 pm [4]. Once each layer is spread, a laser beam melts the
area specified in the trajectories file, melting the powder and
forming a solidified area of the part. Finally, the platform
decreases the layer thickness, and a new layer of powder is
spread. The process is repeated until the build is complete.

Despite advancements made in recent years, this technol-
ogy still has some disadvantages; one of them is the poor
surface finish of the parts. This high roughness generates a
lower fatigue strength [5, 6] or even the proliferation of dif-
ferent microorganisms [7]. Therefore, the factors that gener-
ate high roughness are the focus of many studies.

Some works, such as the studies carried out by Rott et al. [8]
or Senin et al. [9], divide the surface roughness of L-PBF parts
into two types: patterns due to the solidification of the melt pool
and particles adhered to the part surface. The origin of these
two types of roughness is due to different factors.
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The roughness pattern due to the solidification of the melt
pool is usually associated with the layer height [10] or the
angle of incidence of the laser [11]. On the one hand, the lay-
ers are perceived on the surface of the final part; therefore,
the thicker the layers, the greater the roughness [10]. On
the other hand, the angle of incidence of the laser depends
on the positioning of the part on the platform [12, 13]. The
scanner mirrors are usually positioned just above the central
part of the platform. Due to this positioning, the laser beam
is perpendicular to the platform only in the central part, as
the studies carried out by Rott et al. [§] demonstrated. While
on the parts located far from the centre of the platform, the
laser beam is not completely perpendicular [11, 14] to the
platform so, it generates distortion in the melt pool that
affects the roughness of the final part [15].

Finally, in the case of particles adhered to the surface,
it should be noted that there are different types of particles
adhered according to Nasab et al. [16]. There are particles
that belong to the powder batch that melted and adhered to
the surface; therefore, these particles have a size according
to the initial powder particle size distribution (PSD). On the
contrary, there are spatters which usually have a larger size
(around 200 pm) and a different microstructure from the
rest of the part.

Several factors affect the number and size of these
adhered particles such as the proximity between parts [7],
the inert gas flow inside the manufacturing chamber [17],
the positioning of the part with respect to the recoater [18],
and the properties of the raw powder [19]. Previous studies
have shown that the presence of adhering particles on the
surface of parts manufactured by L-PBF depends mainly on
the temperature of the powder layer. Thus, as the tempera-
ture of the powder layer increases, the presence of adhering
particles increases [20].

The characteristics of the raw powder influence strongly
the quality of the final part [19]. PSD affects the surface
finish because powders with coarser particles result in a
rougher surface [21]. It should be noted that PSD is not
homogenous across the whole layer. Since the recoater tends
to deposit the smallest particles at the beginning of the plat-
form, the largest ones are deposited at the end [13, 18]. The
morphology of the powder particles also affects the surface
finish. The less spherical the particles are, the higher the
roughness of the surface will present [3]. The spatters cre-
ated in the powder bed also cause an increase in roughness
[7]. The concentration of spatter is not homogeneous in the
powder bed since the inert gas flow inside the manufactur-
ing chamber transports these oxidized particles out of the
processed area.

Finally, other factors that affect roughness are the geom-
etry of the part itself, whether it is a surface with previously
melted material underneath (upskin, not downskin) [22],
and the process parameters used to manufacture the part [4].
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When the laser energy density is high, roughness tends to
decrease due to the increased wettability of the layers [23].
However, high energy density also generates more spattering
causing the roughness to increase [24]. Consequently, it is
necessary to seek a balance between laser power and scan-
ning speed in order to ensure acceptable roughness proper-
ties among other final part properties [25].

Throughout this study, a relationship between the PSD
of each batch and the surface roughness obtained in the
manufactured parts is presented. For this purpose, 13 dif-
ferent powder batches were analysed, and their PSD was
then related to the characteristics of the surface finish and
roughness obtained in each sample.

2 Materials and methods

For this study, 13 virgin batches of Inconel® 718 powder
from different suppliers were analysed and labelled from
INO1 to IN13. According to the suppliers’ specifications,
all batches met the necessary requirements in terms of char-
acteristics such as PSD, morphology, and composition and
were suitable for use in the L-PBF process. During this
procedure, in order to avoid cross-contamination caused by
other batches or moisture, the batches were stored in spe-
cific, hermetically sealed containers until they were opened
for analysis and manufacture.

The study was divided into four main sections. First, the
PSD of the powder batches was determined, and then the
samples were manufactured for subsequent roughness analy-
sis. Once the roughness was analysed and related to the PSD
of the powder batch, the parts were sandblasted to analyse
the surface again.

2.1 Particle size distribution (PSD)

A correct determination of PSD is crucial for the studies to
be carried out properly, so despite having the data provided
by the suppliers, the PSD was re-analysed according to ISO
13320 by laser diffraction.

Thanks to this study, D, values were obtained, which
indicate the point in the size distribution to the specified
volume percentage. For example, if D5 is 42 yum, this means
that 50% of the total volume of particles is equal or smaller
than 42 pum.

2.2 Manufacture of samples

The samples for this study were manufactured on a Ren-
ishaw AM400 manufacturing system, and QuantAM V4
software was used to program the parameters.

The objective of this work is to determine the effects
caused by the characteristics of the different powder batches
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on roughness. For that reason, the same part geometry and
parameters were used with all batches.

The manufacture of each layer can be divided into two
steps. First, the inner volume of the part is processed using
a filling stripes strategy with a given hatching distance
between the laser paths. Subsequently, with the objective
of improving the surface finish, the contours of the layer are
processed. The volume and contour parameters are presented
in Table 1, and a schematic of the strategy is shown in Fig. 1.

Roughness is due to many factors, not only of the char-
acteristics of the powder batch used or parameters. In order
to limit the roughness caused by those factors as much as
possible, the samples designed were rectangular geometries
to avoid using both upskin and downskin surfaces (Fig. 1).
Additionally, they were located in the central part of the plat-
form, thus obtaining a laser beam completely perpendicular
to the platform.

The samples were manufactured from batches INO1 to
IN13. It should be noted that after manufacturing with each
batch, the machine was completely emptied and cleaned to
avoid cross-contamination.

2.3 Surface finish and sample roughness

The roughness analysis was divided into four sections.
First, the surface roughness was analysed by means of the
arithmetical mean height (Sa) and maximum height (Sz)
parameters. Then, taking into account the relationship
obtained between the roughness and the PSD of the powder
batches, the particles adhered to the surface were analysed.

In addition, to obtain a more detailed analysis of the sur-
face, an autocorrelation analysis was carried out and spatial
parameters were obtained. Finally, a metallographic analysis
of the particles adhered to the surface was carried out.

2.3.1 Surface roughness analysis

Roughness was measured on the four vertical faces of the
sample, to elude the effects of the argon flow and recoater
direction.

To analyse the surface finish of the part, Sa and Sz param-
eters were studied, in accordance with ISO 25178-2. A non-
contact system was used to carry out the measurements,
specifically, an infinite focus microscope (Alicona Infinite
Focus Microscope Model Control ServerFP G1 V{2) and the
roughness analysis was performed using the tools provided
by the laboratory measurement module (MSUREF software).
Thanks to this system, the topographies of the surfaces were
also obtained.

2.3.2 Analysis of particles adhered to the surface

Based on the obtained topographic images, particles
adhered to the surface were analysed to check their size. To
carry out this study, different L and F filters were applied to
the topography to obtain a surface where it was possible to
isolate the adhered particles. This filtering was performed
directly using MSUREF software, and the result is shown
in Fig. 2(a).

Table 1 Volume and border

q Layer thickness [pm] Power [W] Exposure Point dis- Hatch dis- Strategy
parameters use time [ps] tance [pm]  tance [pm] angle [°]
Volume 60 200 70 80 80 67
Contour 125 75 20 - -

Fig.1 Schematic of the contour
and volume strategies followed
on the part

Z - Building direction

A

Roughness

measurement Plane XY - Layer

Contour
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Fig.2 Analysis of particles adhered to the surface: a the filtered surface, ready for MATLAB® analysis, b isolated particles, and ¢ histogram to

analyse the adhered particles size distribution

Once the surface was filtered, the particles were analysed
by a digital image processing software developed in MAT-
LAB®. Using this software, it is possible to detect the con-
tours of the particles on the topography, thanks to their small
size and high circularity (Fig. 2(b)).

Finally, the diameter of each adhered particle was deter-
mined, and a histogram was obtained where the size dis-
tribution of the particles adhered to the surface could be
analysed (Fig. 2(c)).

2.3.3 Analysis of surface autocorrelation and spatial
parameters

Autocorrelation analysis, defined in the ISO 25178 standard,
is used to study the relationship between the original surface
and the same surface translated in X- and Y-axes. Thanks to
this analysis, it can be determined how uniform the surface
is. This autocorrelation function is defined in the following
equation, where A is the analysed surface and t, and t, are
the surface displacements in each case:

N 4z )z =ty — t,)dxdy
Jacr(t 1) =
//AZ(X’ V)z(x, y)dxdy

6]

Finally, in order to analyse the presence of layers on the
surface, the parameter called surface texture direction (Std),
which indicates the predominant direction of the surface
texture, was used. In the parts manufactured using L-PBF
technology, this direction is the direction of layer growth.

This parameter is a measure of the angular direction of the
dominant directions in the surface. Leach [26] explained that
Std is calculated from the Fourier spectrum after applying the
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radial integration method. Thanks to this spectrum, it can be
determined which directions are predominant on the surface.
Using this spectrum and taking into account all the pre-
dominant directions of the surface, it can be calculated
how important the analysed direction is. For this purpose,
the parameter Stdi was used. The smaller the value of this
parameter, the stronger the directionality of the structure.
Thus, the Std value indicates the angular direction of the
predominant surface texture direction, while the Stdi parameter
indicates how important this direction is compared to the rest.
To conclude the roughness analysis, the bearing area
curve (also known as the Abbott Firestone Curve) was ana-
lysed. This surface analysis was also carried out, as defined
in the ISO 25178 standard, using MSUREF software.
Mathematically, the bearing area is established by evaluat-
ing the material ratio (mr) at various levels from the highest
peak to the lowest valley. This results in the cuamulative prob-
ability density function of the different surface heights [27].
This curve is divided into three zones: the peak zone
(mrl=10%), the core zone, and the valley zone (mr2 =80%).
This study was focused only on the peak zone, and the param-
eter Vmp (peak material volume) was analysed. This parameter
represents the volume of material from the core of the material
to the highest peak of the surface. This parameter increases if
there is more volume belonging to the peaks; this may be due
to more particles on the surface or coarser particles.

2.3.4 Metallographic analysis of particles adhered
to the surface

A metallographic analysis of the adhered particles was carried
out. For the correct analysis of these samples, they were first cut
to analyse the XZ plane (the Z-axis being the build direction,
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perpendicular to the layers). Then, the samples were encapsu-
lated using phenolic resin. After that, the planar grinding step
was performed using silicon carbide and corundum sandpaper
(using FEPA400, FEPA600, FEPA800, and FEPA 1200 grain
sizes). Once the surface was ready, it was polished using 1 um
and 3 um polycrystalline diamond powder. Once the mirror-
finish surface was achieved, surface images were taken using
the infinity focus microscope with 50 X magnification.

Finally, the samples were etched using Marble’s Reagent
(whose chemical composition is 10 g CuSO,, 50 ml HCI,
50 ml H,0, as specified in ASM 1998 standard) to analyse
the microstructure of the parts and check the fusion between
the adhered particle and the part surface.

2.4 Analysis of the final parts after sandblasting

The Euroblast Euro4SF blasting system using white corundum
WSK 80 was used to sandblast the samples. In order to blast
all parts uniformly, each surface of the part was blasted for 3 s.

Surface roughness was analysed again, following the
same procedure for each part by means of the Sa and Sz
parameters. The autocorrelation was also examined to check
how the surface changed after blasting.

3 Results and discussion

The results are divided into three sections: PSD analysis, rough-
ness analysis, and roughness analysis after blasting the parts.

3.1 Particle size distribution (PSD)

Figure 3(a) exhibits the PSD results obtained from the
13 powder batches, and several differences are observed
between them. For example, within the small particle frac-
tion of the distribution (D,-D), the particles are larger in

size in batches INO3 and INOS8, while batches IN11 and IN13
contain the smallest particle sizes.

In Fig. 3(b) three of the powder batches with the greatest
differences are shown (batches INO7, INOS, and IN13 were
selected for this analysis) and depict how some batches present
a more homogenous PSD. Specifically, INOS is the batch that
has the most homogeneous PSD of the 13 batches tested, since
the smallest particles of the batch (D,) and the coarsest (D)
have a difference of approximately 50 pm, while in batch IN13,
this difference is around 71 pm. Thus, the medium particles
in the distribution are closer in size to the smallest particles.

3.2 Surface finish and sample roughness

First, the surface roughness was analysed, and the Sa and
Sz parameters were presented. Then, the size of the parti-
cles adhered to the surface was determined. Subsequently,
the autocorrelation analysis and spatial parameters are pre-
sented. Finally, the metallographic analysis is shown.

3.2.1 Surface roughness analysis

Figure 4 shows the mean values of the parameters Sa in
Fig. 4(a) and Sz in Fig. 4(b) for each of the powder batches.

As can be observed in Fig. 4, Sa values are between 6 and
9 um while Sz values vary between 40 and 60 pum. This vari-
ation is due to the powder batch characteristics since both the
parameters used during the manufacturing process and the
platform design were identical in all cases.

Roughness parameters are represented together with the
PSD values (D, Dy, and D). This first analysis shows a rela-
tionship between the roughness and the PSD of the powder.

This relationship between the obtained Sa value and the
PSD was checked (Fig. 5), and it shows a linear relationship
between the roughness acquired and particle diameter in the
case of the smallest particles of each batch (particles with
a diameter smaller than Ds). This relationship shows that

a) 100

INO1 b)1oo e PP oo
-®--IN02 90 i !
80 ----IN03 80 | |--e-INO8 A !
INO4 70 ¢ A S '
o 60 IN05 | = 60 e A ! i
2 - 5 -®--INO6 2 50 1 : .
Q 40 I'he smallest particles e 8 40 / I :
in the distribution are 30 / : !
PR ---IN08 20 ; ) i
20 larger in size (INO8 -®-.IN0O 10 ./ | :
and IN03) --®--IN10 0 ¢ o’ : I
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0 -®--IN11 : 20 ! 40 160 1 80
P H ——l |
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Fig.3 a PSD analysis of the 13 batches of powder and b detail of some of the most representative batches
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the smaller the size of the smallest particles in the batch, the
lower the roughness.

Nevertheless, this relationship is only fulfilled in the case
of groups D, D, and D5, and disappeared in the case of
larger particles. Thus, there is no relationship between the
coarsest particles of the distribution and the roughness of
the final part.

3.2.2 Analysis of particles adhered to the surface

To check the relationship between the roughness of parts and the
PSD, each of the surfaces was analysed using digital image process-
ing software developed in MATLAB®.

Batches INO7, INOS, and IN13 were selected for the analysis
of the particles adhered to the surface, as these batches showed
the greatest differences in roughness values and in PSD. Spe-
cifically, INOS is the batch that showed the highest roughness
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Diameter (um)

when measuring the Sa and Sz values and the largest particles
of the PSD, batch IN13 had the smallest particles and the low-
est roughness, and finally, batch INO7 had a medium roughness
and intermediate particle size. In some analyses, only the results
obtained from these three batches are presented; however, the
same study was carried out for all 13 batches.

In each case, a histogram depicts the percentage of
adhered powder particles that exhibit a certain particle size.
The batch that shows the largest adhered particles to the sur-
face is batch INOS8 (Fig. 6(b)). In this case, there are particles
up to 47 pm, while in the case of batch IN13 (Fig. 6(c)),
the adhered particles only reach diameters of approximately
33 pm. In the case of batch INO7 (Fig. 6(a)), the larger par-
ticles adhered to the surface are very similar to those exhib-
ited by batch IN13. Although as it has a more homogeneous
distribution, the percentage of larger particles adhered to the
surface is higher, which increases its roughness. It should be
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Fig.6 Analysis of the particles adhered to the surface manufactured by the L-PBF technology: a results obtained with batch INO7—intermediate
roughness, b batch INO8—high roughness, ¢ batch IN13—Ilow roughness

noted that in each case, the adhered particles always had a
diameter similar or smaller than the respective D5, diameter
of each batch.

In addition to the PSD of the powder (D,, D,,, or Ds),
Fig. 6 shows the PSD of the particles adhered to the sur-
face (D', D'sg). As can be seen, in batch IN13, 50% of
the adhered particles in the volume are smaller than 11 pm,
while in the case of INOS this value increases up to 25 pm.

Therefore, after this analysis, the results determine that
the roughness due to adhered particles is caused only by
the smallest particles of the PSD, as these are the ones that
adhere to the surface.

3.2.3 Analysis of surface autocorrelation and spatial
parameters

Figure 7 shows the autocorrelation diagrams obtained in
the case of powder batch IN13 (Fig. 7(b)), whose surface
showed the smallest particles adhered to the surface, and
batch INOS (Fig. 7(a)), whose surface showed larger parti-
cles. Both figures show that the total autocorrelation occurs
only in the centre, before image translation (the red point in
the middle of the autocorrelation diagram).

In the case of batch IN13, the small particles adhered to
the surface allow the pattern composed of layers to remain
visible, as can be seen in Fig. 7(b) below. After translat-
ing the image on the X-axis, the small particles do not cor-
relate, but the layers do, and consequently the correlation
increases. However, in the case of batch INO8, the larger

particles adhered to the surface hide the pattern composed
of layers making this autocorrelation less evident.

Figure 7(c) shows the spatial parameters of the powder
batches INO7, INOS8, and IN13. The predominant direction
on the surface is always 0°, as indicated by the Std param-
eter. This direction coincides with the direction of layer
growth. Stdi shows how in the case of IN13 the direction
of the layers is more evident since the particles do not hide
the layers.

Finally, the Vmp parameter shows how, in the case of
batch INOS, there is more material belonging to the peak
volume. This is also appreciable in the bearing curve shown
in Fig. 6(d).

3.2.4 Metallographic analysis of particles adhered
to the surface

Figures 8(a) and (b) present the metallographic analysis car-
ried out before etching the surface. In these images, different
adhered spherical particles were evaluated, analysing their
diameter and their attachment surface (Fig. 8(a)). It should
be noted that the diameter analysed in the image is not the
real diameter of the particle, as the diameter analysed in the
image depends on the section made.

The images show how the resulting surface roughness
is composed of both layers and spherical particles adhered
to the surface (Fig. 8(b)). Then, the samples were etched
(Fig. 8(c)), and it was found that the microstructure of the
adhered particles is the same as the microstructure of the
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a) INO8 b) IN13

Lower correlation
area

Building direction
Building direction

Building direction

Building direction

100 pm
Adhered particles

Fig.7 Analysis of spatial parameters and autocorrelation of the sur-
faces: a above: autocorrelation diagram of batch INOS, where the
direction of growth of the part is indicated. Below: surface image b

part, which shows that the particles come directly from the
powder batch and that there are not oxidized particles or
spatters.

Finally, particles belonging to the powder bed were ana-
lysed. The size of these particles is similar to those adher-
ing to the surface. Furthermore, the microstructure of these
particles was analysed, and it can be seen in Fig. 8 (c) and
(d) how the microstructure of the particles is transformed
due to the melting process on the part.

3.3 Analysis of the samples after sandblasting

In order to analyse the surface without the interference of
the adhered particles, the samples’ surfaces were sand-
blasted. By following this procedure, the adhered particles
are removed while the melt layers remain on the surface.

3.3.1 Surface roughness analysis

Figure 9 shows the roughness values Sa and Sz obtained
from the parts after being sandblasted. Roughness has
greatly decreased and has become more homogeneous
between different batches. Specifically, Sa values decreased
by about 45% with values between 3 and 5 pm (Fig. 9(a))
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while Sz values decreased by about 59% and the values
obtained were between 18 and 25 pm (Fig. 9(b)).

In addition, topographic images of surfaces INO7, INOS,
and IN13 are presented in Fig. 9(c). After being blasted, all
parts show a very similar surface appearance, because the
adhered particles were removed. Even so, after the blasting
process, small differences in the surface images are still vis-
ible. These differences are the result of the marks left by the
adhering particles when they are removed from the surface.
Therefore, the presence of these surface marks is smaller on
the batches with fewer or smaller particles (IN13), where
the pattern composed of layers is more visible than in the
case of batches with a higher number of adhering particles.

3.3.2 Analysis of surface autocorrelation and spatial
parameters

Once the particles were removed from the surface, the auto-
correlation diagrams show how the pattern composed of lay-
ers is more evident than in the case of the samples before
blasting (Fig. 10(a) and ((b)). Moreover, all the surfaces
were homogenized considerably, as seen in the previous
analysis of the Sa and Sz parameters.
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Fig.9 Roughness of parts after sandblasting: a Sa, b Sz, and ¢ surface images of parts obtained using batches INO7, INOS8, and IN13 after sand-
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Fig. 10 Analysis of spatial parameters and autocorrelation of the surfaces: a autocorrelation diagram of INO8 batch, b autocorrelation diagram
of IN13 batch and the surface image obtained after sandblasting, and ¢ spatial parameters

The Std parameter indicates the predominant direc-
tion of surface texture, and, as can be seen, it follows the
building direction. In addition, by removing the particles
adhered to the surface but keeping the layers, the weight of
the directionality increases as the Stdi parameter indicates
(Fig. 10(c)). The small differences in the Stdi parameter
demonstrate the effect of removing the particles in the pat-
tern composed of layers.

4 Conclusions

This work presents the correlation between the characteris-
tics of the powder used and the surface roughness obtained
in the case of manufacturing Inconel® 718 parts using
L-PBF technology. The main conclusions drawn are sum-
marised as follows:

e The size of the adhered particles on the surface corre-
sponds to the particle size of the smallest particles of
the powder batch. Because smaller particles are more
likely to partial melting at the contour of each layer due
to heat transfer between the molten material and the
powder bed.

e There is a linear relationship between the smallest parti-
cles in the powder batch and the surface roughness (Sa).
This relationship is only valid for the smallest particles
because these particles are the ones that adhere to the
surface. In respect to particle sizes above Ds, there is no
such correlation.

@ Springer

e In powder batches with larger, small particles, the
adhered particles are also larger in diameter; therefore,
layers cannot be appreciated as easily as on surfaces
where only very fine particles were adhered.

e After sandblasting the parts, the particles are removed
from the surface, and the roughness of different samples
is decreased and homogenized.

e After studying the autocorrelation and spatial param-
eters of the samples after blasting, it was found that the
adhered particles disappear but that the layers are still
present on the surface.

Therefore, this study demonstrates the relationship
between the roughness and PSD of the powder batch.
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