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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 PBF-LB 
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 sites in a 
wide range of standard PBF-LB alloys: Ti-6Al-4V 
[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 (µXCT) 
produces a 3-dimensional rendering of 
components and enables measurement of 
surface features that are obscured by adhered 
particles. However, spatial resolution of µXCT 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 AlSi10Mg 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 (µXCT). 
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 AlSi10Mg 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 AlSi10Mg 
Surface Roughness Coupons. 

Parameter 
Set 

Contour Speed, 
mm/s 

Contour 
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 better replicate 
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 
lens 

Z Pitch, 
μm 

Pixel 
Size, μm 

Numerical 
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 form 
(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.  
 

 
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 fix the 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 
Setting 

Z Pitch, 
μm 

Pixel Size, 
μm 

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 μm. 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.  
 

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

Main Experiment Measurement Procedures 
AlSi10Mg surface roughness coupons that were 
fabricated using a wide range of contour speeds 
and powers were measured using LCSM, FV, and 
µXCT. 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 mm2) 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 surface features. 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 μm, 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 μm. The area of the stitch was 
1.7 mm by 4.7 mm. The pitch varied from 2 μm  to 
����μm to accommodate the different heights of 
the surface roughness coupons. 
  
Xray MicroCT Measurement Procedure 
Micro-X-ray Computed Tomography (µXCT) 
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 
µXCT. An accelerating voltage of 80 kV and 
power of 7 W (i.e., 87 µA 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-
detector distance and optical (0.4X) magnification 
resulted in a voxel edge length of 5.75 µm 
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. For measuring Sv, 
the LCSM and µXCT 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. For measurement of Sa shown in 
FIGURE 3B, there was less disagreement 
between the three techniques however, the 
LCSM consistently measured Sa 20 % higher 
than both µXCT and FV. µXCT 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 a line in these 
plots. 
 

 
FIGURE 3. A: Plot of Sv vs parameter set for 
LCSM, FV, and μXCT techniques. B: Plot of Sa 
vs parameter set for LCSM, FV, and μXCT 
techniques with base 10 log scale for y-axis 

Discussion 
 
Measurement of Surface Valleys 
Both the LCSM and µXCT 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 μm to more than 55 
μm. 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 µXCT 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 µXCT techniques. This 
likely is due to the LCSM scans showing more 
adhered particles than the other two techniques. 
The comparatively low resolution of the µXCT 
system leads to the short wavelength cutoff being 
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 µXCT, 
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 µXCT, FV, and LCSM techniques.  

 The LCSM technique consistently 
measured higher Sa than both FV and 
µXCT. 
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