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ABSTRACT

Additive manufacturing (AM) allows for highly
complex designs that cannot be achieved
through subtractive or formative manufacturing
techniques. A limiting factor of AM, however, is
the as-built surface quality. Additionally, there is
limited knowledge on how specific surface
features or defects translate to measured
surface parameters. If a strong quantitative
understanding of the relationships between the
processes that cause specific surface features
and the measured surface parameters can be
developed, then surface texture has the
potential to be developed as a process
signature. Vertical and upward-facing surfaces
of varying angles and process parameters were
built and analyzed. Analysis of Ra was found to
provide little information on the specific features
that make up the surface texture. RSm and Rc,
however, can indicate a shift between surfaces
dominated by partially melted powder particles
and ones dominated by material from the re-
solidified melt track, which was also seen for
downward-facing surfaces in prior work. The
correlations presented are a step toward
developing surface texture as a process
signature for AM.

INTRODUCTION

Additive manufacturing (AM) has emerged as a
key technology for production applications [1].
Laser powder bed fusion (L-PBF), a subset of
AM, in particular has generated a great deal of
interest. This is due to the fine focusing optics,
layer thicknesses of 20 ym to 100 ym, and the
powers and velocities over which the system
operates allows for fine detail compared to other
AM technologies [2].

Despite the advantages of AM, however, a
limiting factor affecting widespread adoption is
the as-built surface topography of finished parts.
Methods exist to process surfaces in situ [3,4] or
ex situ [5,6], but are limited, especially as design

complexity increases [7]. Thus, improvements in
the as-built surface texture has been cited as a
key need [8].

Optimization of surface roughness has been the
focus of several studies in AM research.
Craeghs et al. used optical sensors to control
melting, resulting in a reduction in top and
overhanging surface roughness [9]. Diatlov et al.
performed a spectral analysis of the arithmetical
mean roughness (Ra) for a wide range of
surface slopes, finding a potential to determine
surface characteristics [10]. Work by Abd-
Elghany and Bourell investigated the effect of
layer thickness on top and side surface
roughness, finding that thick layers lead to
increased surface roughness due to a tendency
of the particles to form voids once removed
during post processing [11]. Jamshidinia and
Kovacevic found that an increase in surface
roughness can occur due to increased heat
accumulation causing an increase in partially
melted powder particle attachment [12].

There is a wide range of mechanisms that
contribute to the roughness of an AM surface,
which include the process input parameters as
well as the complex physical processes that
occur during melting and solidification of the
metal powder [13]. For example, Kleszczynski et
al. found that there is a positional dependency
on surface roughness [14], a factor commonly
overlooked by the research community.
Additionally, the majority of research cites Ra
when determining surface roughness; however,
this parameter tells us very little about the
makeup of the surface. Some research has
investigated  additional = parameters. For
example, Triantaphyllou et al. found that the
area skewness (Ssk) can be wused to
differentiate between upward- and downward-
facing surfaces [15]. However, if surface texture
is to be used as a process signature a strong
guantitative understanding of the relationship



between the mechanisms that contribute to
surface texture and measured surface
parameters, including and not limited to Ra,
must be investigated and understood.

Related work by the authors has shown the
potential of using existing parameters beyond
Ra to better understand the characteristics of a
surface for downward-facing surfaces [16]. In
this work, upward-facing and vertical surfaces of
the parallelepipeds are analyzed. Qualitative
and quantitative analyses show that
relationships seen in the mean spacing of profile
irregularities (RSm) and the mean height of the
profile elements (Rc) of downward-facing
surfaces can also be seen in the vertical and
upward-facing surfaces. These correlations point
toward a direction for further research into
relating surface finish metrics with the physics of
the laser powder bed fusion process and the
development of surface texture as a process
signature.

EXPERIMENTAL PROCEDURE

The experiments focus on test parts that were
built on a commercially available L-PBF system.
The parts were designed as symmetrical
parallelepipeds, having two parallel, vertical
parallelogram faces; two rectangular faces; and
two square faces. The acute angle of the
parallelogram was varied, resulting in test parts
with inclined/overhang angles (a) of 30°, 45°,
60°, and 75° as measured from the build plane.
Figure 1 illustrates the test part with a=60°.
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FIGURE 1. Model parallelepiped for surface
characterization, where a=60°. Dimensions are

in millimeters. Build direction is positive z.
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The test parts were built on the EOS M270!
system at the National Institute of Standards and

1 Certain commercial entities, equipment, or materials may
be identified in this document in order to describe an
experimental procedure or concept adequately. Such
identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the entities, materials,
or equipment are necessarily the best available for the purpose.

Technology (NIST). All parts were fabricated in
the same build. Stainless steel powder (EOS
GP1, which is chemically equivalent to U.S.
classification 17-4 stainless steel) reclaimed
from several previous builds was used. The
powder was screened through an 80 ym sieve
before the build. Since it is likely that the
condition of the feedstock powder affects the
surface texture of the resulting part, powder
samples were taken and are currently being
analyzed.

Prior work assessed the effect of process
parameters on surface characteristics for
downward-facing surfaces [16]. In that work,
contour parameters with varying laser beam
power and travel velocity were chosen in order
to cover a wide range of the process space. It
was found that two sets of parameters led to
highly different surface characteristics. As such,
the focus of this work will be on Characterizing
the vertical and upward-facing surfaces from the
two contour parameters sets shown in TABLE 1.

TABLE 1. Process parameters for experiments.
Contour numbers are chosen to match
designations from prior work [16].

Contour | Power | Velocity | Line Energy —
Number | (W) (mm/s) P/v (3/m)

4 40 700 57.1

9 195 700 278.6

A total of eight parallelepipeds were analyzed
(i.e., two contour parameter sets with four values
of a). As such, eight upward-facing surfaces and
16 vertical surfaces were analyzed (since each
parallelepiped has two vertical surfaces). Test
parts were positioned equidistant from the
center of the build platform with the downward-
facing surface of the parallelepiped forming a
straight line to the center of the laser source.
This was done to prevent as many of the
positional dependency issues seen by
Kleszczynski et al. [14] as possible. All surfaces
were also at a slight angle (i.e., not parallel) to
the recoater blade and that angle varies based
on position on the build plate to maintain a
constant angle relative to the laser. Additionally,
the vertical surfaces are either facing towards
the center of the plate (labeled Towards in later
figures) or away from the center of the plate
(labeled Away).



ANALYSIS METHODS

Surface characterization was performed using a
white light interferometer, described in detail in
[17], and 10x objective lens. Using white light
interferometry to analyze a very rough surface is
a challenge due to difficulty in achieving null
fringe condition (perfect leveling of the sample
surface being measured). Because of this, a
diamond-turned aluminum disk was first used to
level the sample platform prior to any
measurements. Thus, the best leveling possible,
assuming that the surface being measured and
the surface laying on the platform are parallel,
was achieved. This leveling procedure was
performed before each measurement session to
maintain a consistent leveling for each sample
and prevent deviations due to errors caused by
the leveling of the samples.

Seven images with 20 percent overlap were
taken along each surface (perpendicular to the
layers) and stitched together to create an
approximately 5 mm long measurement. This
created a large enough measurement of the
sample surface to properly perform digital
Gaussian filtering based on the I1SO 4287
standard [18]. The values presented used a
bandpass digital Gaussian filter with a short cut-
off length of 25 ym and a long cut-off length of
0.8 mm. The filtering process results in an
evaluation length equal to five long cut-off
lengths, or 4 mm. These filters are defined by
ISO 4287 and represent a common practice in
AM surface roughness research [19].

Qualitative analysis using scanning electron
microscopy was performed on selected
surfaces.

RESULTS

Qualitative Analysis

Scanning electron microscope (SEM) images for
two vertical surfaces can be seen in FIGURE 2.
FIGURE 2a) shows a vertical surface built with
set 4. In this image, the surface is dominated by
partially melted powder particles, but the re-
solidified material from the melt track as well as
gaps in the melt surface can be seen.

FIGURE 2b) shows a vertical surface built with
set 9. In this image, fewer partially melted
particles are present and the surface is
dominated by the re-solidified material from the
melt track. Additionally, this combination of
power and velocity led to material that was

damaged by the recoater blade on the
downward-facing surface [16]. Similar damage
can also be seen in this figure. A key difference
between the vertical surface and the downward-
facing surface, however, is the nature of the
damaged material. These surfaces have a
different orientation relative to the recoater blade
because they form 90° angle when viewed from
above. As such, the damaged material is
scraped into the part from the vertical surface
and out of the part from the downward-facing
surface.
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FIGURE 2. Vertical surfaces built with a) set 4
and b) set 9.

SEM images for two upward-facing surfaces can
be seen in FIGURE 3. FIGURE 3a) shows the
upward-facing surface built with set 4. Similar to
the vertical surface with the same set, this
surface is dominated by partially melted powder
particles but the re-solidified material from the
melt track as well as gaps in the melt surface
can be seen.

FIGURE 3b) shows the upward-facing surface
built with set 9. This surface is dominated by the
re-solidified material from the melt track with



very few partially melted powder particles. There
is no deformation of material that was seen in
the vertical and downward-facing surfaces.
Additionally, there is little evidence of the layers
or of any stair-stepping phenomenon commonly
associated with AM.

It is interesting to note that vertical, upward-
facing, and downward-facing surfaces built with
set 4 are all very similar qualitatively. The
selection of this parameter set for the contours
would make sense for a manufacturer if having a
consistent exterior surface, regardless of
position or orientation, is the desirable outcome.
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FIGURE 3. Upward-facing surfaces for a=60°
built with a) set 4 and b) set 9.

Quantitative Analysis

Vertical Surface Analysis

Analysis of Ra for the vertical surfaces can be
seen in FIGURE 4. As mentioned previously,
these parallelepipeds were built such that the
downward-facing surface forms a straight line to
the center of the plate. Therefore, the vertical
surfaces are either facing towards the center of

the plate (labeled Towards) or away from the
center of the plate (labeled Away).
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FIGURE 4. Ra vs orientation relative to the
center of the build platform and contour
parameter set for the vertical surfaces. Outlier
described in text is highlighted by a red circle.

FIGURE 4 shows that it is difficult to develop a
physical interpretation of the surface through Ra
alone. An interesting observation, however, is
that the high value outlier for the Vertical Away
surface built with set 9 (highlighted by the red
circle) could be due to the orientation relative to
the recoater blade. Three of the vertical surfaces
facing away from the center of the plate and built
with parameter set 9 were oriented such that the
recoater blade was going into the surface when
spreading powder, while the outlier was oriented
such that the recoater blade was coming out of
the surface. Thus, the increase in surface
roughness could be due to damaged material
protruding from the surface and additional
gualitative analysis is required to confirm.

Analysis of Rc and RSm for the vertical surfaces
can be seen in FIGURE 5. Little variation can be
seen in Rc and RSm for the parts built with set
4. For set 9, there is an increase in RSm when
compared to set 4, which is expected from SEM
images as the surface for set 9 is dominated
less by partially melted powder particles and
more by the re-solidified material from the melt
track.

Another interesting finding is the difference in Rc
for set 9 depending on whether the surface is
facing towards or away from the center of the
plate. This suggests that there is also a
positional dependence in the Rc parameter,
similar to what was seen by Kleszczynski et al.
[14], but more qualitative analysis of the
surfaces is required to determine the cause of
this change.
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FIGURE 5. Rc and RSm for the vertical
surfaces.

Upward-Facing Surface Analysis

Analysis of Ra for the upward-facing surfaces as
well as the downward-facing surfaces from prior
work is presented in FIGURE 6 [16]. As was
seen in the prior work, it can be difficult to
discern differences in Ra from process
parameters for the downward-facing surfaces.
The upward-facing surfaces, however, exhibit a
noticeable difference in Ra. Additionally, Ra for
the upward-facing surfaces built with set 9
decreases as a decreases. This is likely due to
the extremely small number of partially melted
powder particles seen in SEM images, causing
Ra to be dependent almost entirely on the re-
solidified melt track.
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FIGURE 6. Ra vs angle for downward- [16] and
upward-facing surfaces.

Analysis of Rc and RSm for the upward-facing
surfaces as well as the downward-facing
surfaces from prior work can be seen in FIGURE
7 [16]. As expected, Rc decreases and RSm

increases as we move from surfaces dominated
by partially melted powder particles to ones
dominated by the re-solidified melt track.
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FIGURE 7. Rc and RSm vs angle for downward-
[16] and upward-facing surfaces.

CONCLUSIONS

Analysis of upward-facing surfaces of 30°, 45°,
60°, and 75° relative to the build platform and
vertical surfaces (90° relative to the build
platform) was performed qualitatively by SEM
and quantitatively by white light interferometry.
Samples were built with two power and velocity
combinations, which were found by prior work to
create drastic changes in the surface features
for downward-facing surfaces [16]. As with the
downward-facing surfaces, Ra was shown to
provide little insight into characteristics of the
vertical and upward-facing surface. Rc and RSm
for the vertical and upward-facing surfaces,
however, showed similar correlations to the
downward-facing surfaces where Rc increases
and RSm decreases as surfaces change from
being dominated by the re-solidified melt track to
those dominated by the partially melted powder
particles. While additional experiments and
analysis are required to match specific surface
features with the physical process of L-PBF,
these correlations provide insight into the use of
surface texture as a process signature.
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