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Introduction

Laser powder bed fusion (PBF-LB) is an additive
manufacturing (AM) process where a laser is
used to selectively melt metal powder in each
layer. Surfaces of components built using the
PBF-LB process have rougher and more complex
surfaces than those in traditionally manufactured
components. As-built surfaces of PBF1B
components also have several unique surface
features: layer artifacts, adhered particles [1,2],
and large valleys [1]. Solidified surface features
and adhered particles can influence the
calculation of surface roughness metrics such as
average roughness (Sa), and maximum valley
(Sv). The latter metric must be well understood
because large valleys in the surface have been
shown to act as fatigue crack initiation sitesin a
wide range of standard PBF-LB alloys: Ti-6AlI4V
[3-6], Nickel Superalloy 718 [7-10], AlSi10Mg
[11-13], and 316L Stainless Steel [14,15].
Surfaces of PBF-LB components are commonly
measured using optical techniques: focus
variation [2,4,16-18], confocal microscopy [19-
23]. X-ray microcomputed tomography (uXCT)
produces a 3-dimensional rendering of
components and enables measurement of
surface features that are obscured by adhered
particles. However, spatial resolution of uXCT is
typically worse than the previously mentioned
optical techniques.

With a wide variety of techniques being used to
measure PBF-LB surfaces and inform studies on
various properties related to surface roughness,
it is necessary to understand the repeatability of
these measurements.

This work investigates the influence of multiple
measurement techniques on the repeatability and
calculation of commonly used surface roughness

metrics: Sa and Sv. Surface roughness coupons
built with AISi10Mg powder were designed to
have a wide range of surface features and were
measured using focus variation (FV), laser
confocal scanning microscopy (LCSM), and
Micro-X-ray Computed Tomography (uXCT).
Measurement repeatability and sensitivity studies
have also been performed on both focus variation
and laser confocal microscopes to establish best
practices for surface roughness measurements,
with the overall goal of demonstrating
transferability between surface roughness
metrics measured with each of the 3 techniques.

Methods

PBF-LB Surface Roughness Coupons

Surface roughness coupons were designed as
cylinders with a diameter of 5 mm with a 1 mm
hole through the center. The cylinders were built
vertically, with no overhanging/sloped features,
which would eliminate any surface roughness
due to these features. The coupons were built
from AISi10Mg on an Open Additive Panda
(Certain commercial equipment, instruments, or
materials are identified in this paper in order to
specify the experimental procedure adequately.
Such identification is not intended to imply
recommendation or endorsement by NIST, nor is
it intended to imply that the materials or
equipment identified are necessarily the best
available for the purpose). PBF-LB machine with
the range of contour laser speeds and powers
shown in TABLE 1. Other processing parameters
were the same for all cylinders. The cylinders
were placed such that there was no overlap along
the recoating axis.
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TABLE 1. Contour Parameter Sets for AISi10Mg
Surface Roughness Coupons.

Parameter | Contour Speed, Contour
Set mm/s Power, W
1 300 75
2 500 100
3 900 150
4 900 225
5 300 225
6 700 275
7 900 310
8 300 275
9 500 310
10 900 400

Repeatability and Lens Selection

LCSM Repeatability Measurements

The same area on a surface coupon was
measured with three different objective lenses on
an Olympus OLS-5100 laser confocal scanning
microscope (LCSM). Stitching was used to
replicate approximately the same measurement
area across the three lenses. The exact same
area could not be measured since the areas were
all slightly different sizes, even after changing the
overlap between stitched areas to betterreplicate
the same area. The microscope was set to
automatically determine the height range for
scanning and to use the minimum z distance
between images (Z Pitch). Z pitch, pixel size, and
numerical aperture (NA) are tabulated in TABLE
2.

TABLE 2. LCSM objective lens properties.

Objective | Z Pitch, Pixel Numerical
lens um Size, ym | Aperture
10x 2.00 1.25 0.30
20x 0.72 0.625 0.45
50x 0.40 0.256 0.60

Surface scans were post processed in the
commercial OmniSurf3D software [24] with fom
(cylinder)removal and short and long wavelength
cutoff filtering using robust filters which were
based on the final scan length and pixel spacing
(long cutoff was set at 1.2 mm which was the
approximate scan length in x and y, short cutoff
was set at 5x the pixel size for each scan). The
value of Sa that was measured was consistent
across the lenses, with less than 2 % difference
between the highest and lowest value. This
amount is, however, much larger than the
difference in Sa across repeated scans, which is

10 nm with the 10x and 2 nm with the 50x. Sv
measurements across the three lenses, shown in
FIGURE 1 had both higher scan-to-scan
variability and some disagreement between lens
types. On face value, this is not unexpected
because Sv is an extreme value parameter, so it
will be most susceptible to measurement noise.
Despite the exact scan location and area varying
slightly with the lens type, the valley where the Sv
point was located was the same in all scans.
Since it provided the lowest scan-to-scan
variability, the 50x objective was used to scan the
rest of the surface roughness coupons.
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FIGURE 1. Quartile box and whisker plots of Sv
values from measuring the same location multiple
times with the LCSM. The dot is an outlier.

Focus Variation Repeatability Measurements
The same surface coupon used for the LCSM
measurements was scanned using three different
magnifications on a single lens on the Keyence
VHX-5000 focus variation (FV) microscope.
These magnifications, shown in TABLE 3 were
selected based on having similar pixel sizes to
the objective lenses on the LCSM. Stitching was
used to keep the measurement size consistent
with the area used on the LCSM repeatability
study. The microscope is limited to 200 images
along the Z-axis when collecting height data and
has no automatic ability to determine a starting
and ending height. The easier workflow for setting
up scans, therefore, is to fixthe number of images
at 200 and have the microscope automatically
determine the Z pitch by setting the minimum and
maximum height of the sample.
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TABLE 3. FV lens properties at different
magnifications.

Magnification Z Pitch, Pixel Size,
Setting um um
200x 1.6 0.950
300x 1.6 0.638
700x 1.6 0.275

With this sample, the Z pitch for all three
magnifications was 1.6 ym. Scans from the FV
microscope used the same post processing and
filtering steps as the LCSM scans. Across the
different magnifications, there was a large
difference in measured Sa and Sv. The Sv
measurements shown in FIGURE 2, however,
showed less spread within each magnification
than the LCSM but both the 300x and 700x
magnifications reported lower Sv values than the
equivalent lens on the LCSM. Since the scan-to-
scan variability was similar for both the 300x and
700x magnifications, 300x was used to scan the
rest of the surface roughness coupons since
scanning the same area with the 700x would take
four times longer.

Sv vs. Lens Type FV

—

50

45

40

Sv (pm)
w
wv

30

25

20 —
200x 300x 700x
Lens Type

FIGURE 2. Quartile box and whisker plots Sv
values from measuring the same location multiple
times with the FV microscope.

Main Experiment Measurement Procedures

AlISi10Mg surface roughness coupons that were
fabricated using a wide range of contour speeds
and powers were measured using LCSM, FV, and
uXCT. These coupons were originally fabricated
as vertical cylinders with a 5 mm diameter but
were cut in half along the build direction to

produce a semicylinder. Due to the surface
curvature of the coupons, it was not practical to
measure the 2.5 mm square specified by the
ASTM F3624 [25] standard, since image quality
from optical systems is reduced as the slope of
the surface increases. The scans were set up to
meet or exceed the total area of a 2.5 mm square
(6.25 mm?) and retain image quality. All the
surface roughness coupons had been previously
cleaned in an ultrasonic cleaner to remove any
dirt or loosely adhered powder particles and were
individually stored in sample bags between
scans. Data from all three instruments were
processed in OmniSurf3D, with cylinder form
removal and robust long and short wavelength
filters. The long wavelength cutoff was set at 1.4
mm, as this was matched with the minimum scan
length and was observed to remove any residual
form without interfering with surfacefeatures. The
short wavelength cutoff was set at 5x the pixel
spacing of the technique used.

LCSM Measurement Procedure

The scan area was selected to be approximately
1.4 mm wide by 5 mm tall. Due to the large size
of the image, the microscope software
automatically downsampled the pixel spacing of
the final stitched image to 0.490 ym, which is not
expected to change the repeatability or accuracy
of the measurement.

Focus Variation Measurement Procedure

The focus variation microscope measurements
using the 300x magnification setting produced a
pixel size of 0.638 um. The area of the stitch was
1.7mmby 4.7 mm. The pitch varied from2 um to
3.3 ym to accommodate the different heights of
the surface roughness coupons.

Xray MicroCT Measurement Procedure

Micro-X-ray Computed Tomography (uXCT)
images were collected using a Zeiss Xradia Versa
XRM-500. Specimens were held with the build
direction aligned with the axis of rotation of the
UXCT. An accelerating voltage of 80 kV and
power of 7 W (i.e., 87 pA current), with no
additional filtering, was used to achieve the
desired transmission ratio. Exposure time was
2.7 s to achieve sufficient x-ray intensity at the
detector. A combination of source-rotation axis-
detectordistance and optical (0.4X) magnification
resulted in a voxel edge length of 5.75 pym
resulting in images of 996 pixels by 1024 pixels
by about 2350 pixels (with slight variations in z-
height depending on exact mounting). All images
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were collected using the same settings, device
configuration, and operator. The Dragonfly [26]
image analysis software was used to separate
the solid and void areas in the image using upper
and lower Otsu [27] thresholds. The solid region
was then meshed and exported as an STL file
that was imported into OmniSurf3D. Within
OmniSurf3D, the surface was cropped to
approximately 4.2 mm by 12.4 mm, which was
the largest possible size that still avoided form
correction defects near the edge of the cylinders.

Results

Surface roughness metrics measured by the
three techniques varied based on the
measurement technique used. Formeasuring Sv,
the LCSM and pXCT techniques were tied for
reporting the largest values while the FV
technique consistently reported the lowest value.
FIGURE 3A shows a plot of Sv vs. the
measurement technique used for the ten different
parameter sets. Formeasurementof Sashownin
FIGURE 3B, there was less disagreement
between the three techniques however, the
LCSM consistently measured Sa 20 % higher
than both pXCT and FV. pXCT and FV
measurements of Sa were on average less than
6 % different with parameter set 5 excluded,
which represents an outlier with a 36 % difference
in measured Sa. In both figures error bars are
omitted because there was only a single
measurement, and error estimates based on the
repeatability study would display as aline inthese
plots.
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FIGURE 3. A: Plot of Sv vs parameter set for
LCSM, FV, and uXCT techniques. B: Plot of Sa
vs parameter set for LCSM, FV, and uXCT
techniques with base 10 log scale for y-axis

Discussion

Measurement of Surface Valleys

Both the LCSM and puXCT techniques were tied
for number of surface roughness coupons where
each measured the largest value for Sv, while FV
reported the lowest value for all but one
parameter set. The differences in reported values
of Sv ranged from less than 1 um to more than 55
pm. Attempting to align the scan images with
each other to compare the location of the Sv
measurement was not possible since the
resolution and surface features from each
technique were slightly different. This made it
impractical to attempt to quantify a difference
between valleys measured with each technique
since it was not possible to precisely align the
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data sets. When looking at the surface
measurements from different techniques side by
side, the location of the Sv point was different
even when there was overlap between scans.
This shows that there needs to be further work on
quantifying the differences between techniques
since in half of the scans, the LCSM measured a
valley to be deeper than the uXCT measurement
of the same valley. One possible cause is
differences in resolutions, since the LCSM has
around an order of magnitude higher resolution
which means that small but deep valleys are
more accurately measured and are not filtered
out. Another may be due to the difference in
number of adhered particles seen in the surfaces
measured by each technique. The LCSM also
consistently measured higher average roughness
than both the FV and pXCT techniques. This
likely is due to the LCSM scans showing more
adhered particles than the other two techniques.
The comparatively low resolution of the uXCT
system leadsto the short wavelength cutoffbeing
within the particle size range of metal powders
typically used in the PBF-LB process, meaning
that those particles would get filtered out of the
final surface. The FV microscope did not appear
to accurately detect adhered particles.

Conclusions
The goal of this work was to characterize uXCT,
FV, and LCSM surface roughness measurement
techniques to establish whether surface
roughness measurements could be compared.
Based on the data and analysis, the conclusions
can be summarized as follows:
¢ Sv measurements cannot be compared
across uXCT, FV, and LCSM techniques.
e The LCSM technique consistently
measured higher Sa than both FV and
uXCT.

Acknowledgements
Funding: This work was supported by the
U.S. Department of Commerce, Nationa
Institute of Standards and Technology [grant
number 70NANB20H196]

References

[11 Whip B, Sheridan L, Gockel J. The effect of
primary processing parameters on surface
roughness in laser powder bed additive
manufacturing. Int J Adv Manuf Technadl
2019;103:4411-22.
https://doi.org/10.1007/s00170-019-03716-
Z.

(2]

(3]

[4]

(3]

[6]

[7]

8]

(9]

[10]

Fox JC, Evans C, Mandloi K
Characterization of laser powder bed fusion
surfaces for heat transfer applications.
CIRP Ann 2021;70:467-70.
https://doi.org/10.1016/j.cirp.2021.04.032.
Wycisk E, Solbach A, Siddique S, Herzog
D, Walther F, Emmelmann C. Effects of
Defects in Laser Additive Manufactured Ti-
6Al-4V on Fatigue Properties. Phys
Procedia 2014;56:371-8.
https://doi.org/10.1016/j.phpro.2014.08.12
0.

Pegues J, Roach M, Scott Williamson R,
Shamsaei N. Surface roughness effects on
the fatigue strength of additively
manufactured Ti-6Al-4V. Int J Fatigue
2018;116:543-52.
https://doi.org/10.1016/].ijfatigue.2018.07.0
13.

Greitemeier D, Dalle Donne C, Syassen F,
Eufinger J, Melz T. Effect of surface
roughness on fatigue performance of
additive manufactured Ti—6AI-4V. Mater
Sci Technol 2016;32:629-34.
https://doi.org/10.1179/1743284715Y.0000
000053.

Carrion PE, Sausto F, Beretta S, Shamsaei
N. Multiaxial fatigue behavior and modelling
of additive manufactured Ti-6Al-4V parts:
The effects of layer orientation and surface
texture. Int J Fatigue 2023;176:107860.
https://doi.org/10.1016/j.ijfatigue.2023.107
860.

Kone¢na R, Nicoletto G, Riva E. Notch
fatigue behavior of Inconel 718 produced by
selective laser melting. Procedia Struct
Integr 2019;17:138-45.
https://doi.org/10.1016/j.prostr.2019.08.019

Solberg K, Wan D, Berto F. Fatigue
assessment of as-built and heat-treated
Inconel 718 specimens produced by
additive manufacturing including notch
effects. Fatigue Fract Eng Mater Struct
2020;43:2326-36.
https://doi.org/10.1111/ffe.13300.

Gockel J, Sheridan L, Koerper B, Whip B.
The influence of additive manufacturing
processing parameters on  surface
roughness and fatigue life. Int J Fatigue
2019;124:380-8.
https://doi.org/10.1016/j.ijfatigue.2019.03.0
25.

Lee S, Shao S, Wells DN, Zetek M, Kepka
M, Shamsaei N. Fatigue behavior and
modeling of additively manufactured IN718:

N4 2024 ASPE and euspen Summer Topical Meeting Volume 82



(1]

[12]

[13]

(14]

[19]

[16]

[17]

The effect of surface treatments and
surface measurement techniques. J Mater
Process  Technol 2022;302:117475.
https://doi.org/10.1016/j.jmatprotec.2021.1
17475.

Schneller W, Leitner M, Pomberger S,
Springer S, Beter F, Griuin F. Effect of Post
Treatment on the Microstructure, Surface
Roughness and Residual Stress Regarding
the Fatigue Strength of Selectively Laser
Melted AlSi10Mg Structures. J Manuf Mater
Process 2019;3:89.
https://doi.org/10.3390/jmmp3040089.
Romano S, Brickner-Foit A, Brandao A,
Gumpinger J, Ghidini T, Beretta S. Fatigue
properties of AlSi10Mg obtained by additive
manufacturing: Defect-based modelling
and prediction of fatigue strength. Eng Fract
Mech 2018;187:165-89.
https://doi.org/10.1016/j.engfracmech.2017
.11.002.

du Plessis A, Beretta S. Killer notches: The
effect of as-built surface roughness on
fatigue failure in AISi10Mg produced by
laser powder bed fusion. Addit Manuf
2020;35:101424.
https://doi.org/10.1016/j.addma.2020.1014
24

Richardsen S, Crawford GH, Gockel J.
Effect of a build pause on the fatigue
behavior of laser powder bed fusion 316L
stainless steel with as-built surfaces. Eng
Fail Anal 2023;153:107590.
https://doi.org/10.1016/j.engfailanal.2023.1
07590.

Shrestha R, Simsiriwong J, Shamsaei N.
Fatigue behavior of additive manufactured
316L stainless steel parts: Effects of layer
orientation and surface roughness. Addit
Manuf 2019;28:23-38.
https://doi.org/10.1016/j.addma.2019.04.01
1

Lee S, Rasoolian B, Silva DF, Pegues JW,
Shamsaei N. Surface roughness parameter
and modeling for fatigue behavior of
additive manufactured parts: A non-
destructive data-driven approach. Addit
Manuf 2021;46:102094.
https://doi.org/10.1016/j.addma.2021.1020
94.

Fox JC, Pintar AL. Prediction of Extreme
Value Areal Parameters in Laser Powder
Bed Fusion of Nickel Superalloy 625. Surf
Topogr Metrol Prop 2021;9:025033.
https://doi.org/10.1088/2051-672X/ac0061.

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]
[27]

Fox JC. Variation of Surface Topography in
Laser Powder Bed Fusion Additive
Manufacturing of Nickel Super Alloy 625. J
Res Natl Inst Stand  Technd
2019;124:124023.
https://doi.org/10.6028/jres.124.023.
Ahmed F, Ali U, Sarker D, Marzbanrad E,
Choi K, Mahmoodkhani Y, et al. Study of
powder recycling and its effect on printed
parts during laser powder-bed fusion of 17-
4 PH stainless steel. J Mater Process
Technol 2020;278:116522.
https://doi.org/10.1016/j.jmatprotec.2019.1
16522.

Urlea V, Brailovski V. Electropolishing and
electropolishing-related allowances for
IN625 alloy components fabricated by laser
powder-bed fusion. Int J Adv Manuf Technaol
2017;92:4487-99.
https://doi.org/10.1007/s00170-017-0546-
0

Grimm T, Wiora G, Witt G. Characterization
of typical surface effects in additive
manufacturing with confocal microscopy.
Surf Topogr Metrol Prop 2015;3:014001.
https://doi.org/10.1088/2051-
672X/3/1/014001.

Hamidi Nasab M, Romano S, Gastaldi D,
Beretta S, Vedani M. Combined effect of
surface anomalies and volumetric defects
on fatigue assessment of AISi7Mg
fabricated via laser powder bed fusion.
Addit Manuf 2020;34:100918.
https://doi.org/10.1016/j.addma.2019.1009
18.

Zhang T, Yuan L. Understanding surface
roughness on vertical surfaces of 316 L
stainless steel in laser powder bed fusion
additive manufacturing. Powder Technd
2022;411:117957.
https://doi.org/10.1016/j.powtec.2022.1179
57.

OmniSurf3D n.d.

Standard Guide for Additive Manufacturing
of Metals — Powder Bed Fusion -
Measurement and Characterization of
Surface Texture 2023.

Dragonfly n.d.

Otsu N. AThreshold Selection Method from
Gray-Level Histograms. IEEE Trans Syst
Man Cybern 1979;9:62-6.
https://doi.org/10.1109/TSMC.1979.43100
76.

AMERICAN SOCIETY FOR PRECISION ENGINEERING 115



