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INTRODUCTION AND MOTIVATION 
In Laser Powder Bed Fusion (LBPF) for metal 
additive manufacturing, a combination of 
feedstock and processing parameters such as 
laser power and scan velocity, combined with part 
geometry can result in overheating and formation 
of localized anomalous melt pools. Differences in 
cooling rates result in atypical surface and sub-
surface characteristics. These anomalous melt 
pools cool and are shaped into solid masses of 
widely ranging sizes driven by the part geometry 
and a variety of thermo-physical processes. 
Differences in melt pool geometry, and especially 
depth, will result in changes in cooling rates and, 
hence in local microstructure as shown in King et 
al. [1]. 
 
Atypical topographies are shown in [1], which 
provided a detailed analysis of the physics 
governing the LPBF process through high-fidelity 
3D physics-based simulations. High resolution in-
situ process monitoring also provides insights into 
local conditions that govern the morphology of the 
melt pool. The work reported here is based on six 
separate builds in nickel super alloy 625 (a.k.a. 
Inconel 625 or IN625) over 5 years in an EOS 
M290 at the National Institute of Standards and 
Technology (NIST) using the same powder and 
vendor recommended processing parameters. 
Ex-situ metrology combined with scan strategy 
information provides a method for predicting 
anomalous solidified melt pool formation [2,3,4].  
This prediction may be limited by the range of 
process parameters, both in and out of the control 
and monitoring systems available to the user, 
thus slowing the development of functional 
correlations between the process and part 
performance metrics (e.g., fatigue, heat transfer)  
 
Where these anomalous melt pools are built over 
by a subsequent layer, their local properties may 
be modulated by the remelting and thermal 
cycling which may also affect the subsequent 

layer. Figure 1 illustrates elevated topography at 
the beginning of the layer for a part. This occurs 
because of the contrast in laser-powder 
interactions between the first track and 
subsequent tracks. The first laser track scans 
through undisturbed powder and entrains some 
powder on each side of the center line due to the 
surrounding gas flow induced by the evaporation 
of metal in the liquid melt pool center [5]. The area 
on either side of the solidified track now contains 
less powder termed “powder denudation”. All the 
subsequent tracks overlap with previous tracks 
and scan through and interact with an existing 
powder denudation zone while further advancing 
the denudation zone [5,6]. Hence, the first laser 
track on an area of undisturbed powder is 
anomalously large compared to subsequent 
tracks that form the rest of the solidified layer. A 
recent example of this can be found in [7] for 
nickel alloy 718. In addition to observing the 
behavior described above, they also found that 
the height of the first track above the previous 
layer increased when the build platform heating 
increased from 100 °C to 500 °C. 
 

 
 
FIGURE 1. Cross-sectional optical micrograph of 
a four-layer rib on top of an additive part showing 
the buildup of material on one side of the rib (track 
1) compared to the other side (track 8). The Ref. 
line (the top of layer 0) and hand traced melt pool 
boundaries are guides for interpretation. The 
prescribed geometry of the rib was 8 mm × 1 mm 
× 0.160 mm. The laser scan direction is in and out 
of the page. The material is nickel alloy 718, and 
the sample was etched with Aqua Regia. 
 



While some high spots can be explained by the 
anomalous melt pools of the first track, this work 
focuses on movement of material due to thermal 
and fluid effects (e.g., Marangoni flow) that also 
creates anomalous solidified melt pool 
geometries and super elevation on the surface.  

A long-term goal of this work is to use prior 
measurements of anomalous solidified melt 
pools, part design, and scan strategy information 
to predict locations, scale, and surface/sub-
surface consequences of overheating. The 
accuracy of such predictions will depend on the 
similarity of process conditions with those in the 
build from which the prior measurements are 
taken and the uncertainty in the measurement 
results. 

EXPERIMENTAL METHODS 
Following the identification of widespread 
examples of such anomalous solidified melt pools 
related to rapid turn arounds reported in [8], four 
additional builds labelled (B1-B4) have been 
completed where expected anomalous melt 
pools have been observed.  

In the first build (B1), the contour pass was 
enabled, and striping (distance along the laser 
scan direction between turnarounds) was set at 
10 mm. For (B2) striping was set to 100 mm, the 
maximum allowed by the equipment, and 
contouring turned off. In B3 striping and contours 
were turned off. (B4) is nominally identical to B3 
to give insight into build to build variation. Basic 
process parameters (e.g., power, velocity, hatch 
spacing, etc.) and build conditions are constant 
for all subplates in a build and for all builds which 
use  100 mm square and 12.7 mm thick surface 
ground 718 steel subplates bolted to a modified 
build plate from the equipment manufacturer. 
Each plate has a master XY coordinate system 
marked by the LPBF laser close to two adjacent 
edges. Some samples also have local coordinate 
systems. These allow location of features of 
interest identified from part design, scan strategy, 
or, for example, coherence scanning 
interferometer (CSI) measurements to be 
relocated in another tool such as a scanning 
electron microscope (SEM) for high resolution 
metallographic or composition mapping [9].   
 
     Each subplate has a variety of single layer 
sample geometries including 10 mm long stripes 
that are 1 mm or 2 mm wide, and a “diamond 
square”. All show anomalous solidified melt 
pools. The most common samples are octagonal 

ranging from 5° to 45° shown in Figure 2. 
 

 
FIGURE 2. Octagonal single layer samples. 
 

axial length of the samples. Step over direction 
on these samples is orthogonal to the part axis, 
the line between the centers of the two tips (Fig 
2). Each octagonal sample has a 5 mm square 
waist to restore nominal build characteristics 
between the two tapered areas of interest. 
Preliminary analyses indicated that anomalous 
solidified melt pool length was a monotonic, non-
linear function of included angle, modulated by 
small differences arising from process variations.  
 
Measurands and metrology methods  

melt pools via octagonal samples, four 
measurands were selected: anomalous melt pool 
length; solidified metal volume above the 

the measurands below; and maximum width and 
height. These simple descriptors suggest that the 

In practice, the metrology tools available and 
analysis choices may impact both the estimate of 
the measurand and its uncertainty.   

Anomalous melt pool length 
As noted above, anomalous melt pool length 
along the part axis correlates with included 
angles. Figure 3 shows a CSI measurement of a 
15o included angle sample from B1. Balling (i) in 
the step over direction is observed. A stripe 
boundary (iii), i.e., turn around area below the last 
fused layer (ii) above the pedestal (iv), is 
assumed to change local thermal conditions 
resulting in loss of symmetry about the part axis 
(v).  



FIGURE 3. 6 3 stitch with 5.5  objective using 
Zygo Zegage Pro HD.  Color bar range green 

 
Measurement best practices 
There is a significant body of literature on surface 
metrology of LPBF surfaces [10], with discussion 
of assessment of instrument metrological 
characteristics and uncertainty in parametric 
results. This is supported by a body of standards 
on areal surface topography measurements [11]. 
The instruments typically use XYZ triplets at pixel 
resolution in the XY plane.  Good practice guides 
for such applications may leverage 
measurements on reference or “traceable” 
instruments [12]. A low percentage of “non 
measured points” is often used as a 
“measurement quality” metric.  
 
Here similar instruments (CSI) and focus 
variation (FV) are used to isolate and 
characterize meso-scale features (up to 20 mm).  
These instruments can identify XYZ triplets for 
points defined to be inside a region of interest.  
Other techniques that provide XYZ triplets include 
scanning confocal microscopy and point auto 
focus systems [13]. Bright field, Nomarski, and 
scanning electron microscopes allow similar 
evaluations, where contrast substitutes for 
displacement in Z (e.g., build direction). Details of 
each measurement method need to be 
considered in an uncertainty analysis. Here we 
focus on CSI. 
 
Top surface topography data as in Figure 3 were 
acquired using Zygo Zegage Pro HD with a 5.5× 

criterion)) using the 1600 pixel× 1200 pixel 
detector mode. Typical filtration for 
“roughness/waviness” metrology is not applied 
since the measurands require identification of 
discrete features or low order surface signatures 
associated with anomalous solidified melt pools. 
Zegage has a default 3 3 “denoising Gaussian 
filter”. In addition, outlier point removal (typically 
5  is applied to truncate tails in the electronics 
and detector noise distributions. 
 
 Measurands and methods 
For the octagonal sample measurements 
reported in [3], the length measurand may be 
defined as the axial distance from the center of 
the tip to the point at which “nominal” build 
resumes. Two different realizations of the 
measurand have been used. One (R1) is based 
on using the native software on the CSI 
instrument (MX 9.0) limited to features that have 
been available for more than10 years. This 
procedure is intended to be accessible to users 
of older instruments from many manufacturers. A 
profile is manually extracted from the center of 
the tip to the closest point along the part axis
where a lateral weld track is uninterrupted by built 
up solidified metal and with no curvature in either 
the XY or YZ planes (see Figure 3)
Measurements were also made on a Zygo 
NexView CSI with a 10  objective and 0.5  
zoom (with a 10× objective and a 0.5× tube lens, 

pixel  1024 pixel detector).  
 
For the second method (R2), height data were 
exported to and processed with Mountains Map 
v10.0 to obtain length measurements using the 
automated procedure described in [3]. Briefly, R2 
reduces ambiguity finding the start and end points 
of the anomalous solidified melt pool by 
evaluating the length as the major axis of a 
continuous region of material that exceeds a 
reference surface. The reference surface covers 
the entire field of view of the measured area 
parallel to the best-fit plane through the pedestal 
region but offset by the programmed layer 
thickness in the build direction (z-axis). 
 
R1 and R2 are similar, using the same data 
acquisition method and stitching algorithm. The 
lower numerical NA for the Zegage 
measurements implies a lower effective slope 
acceptance. Autolight level optimizes bright field 
intensity for the different detectors, eliminating 
lost data from saturation.  The Zegage detector 



has more pixels than NexView with higher noise, 
and, for the measurements discussed here, can 
cover similar stitched fields of view with a smaller 
number of stitched data sets and with less time 
expended on post-acquisition data processing. 
Using a 20  versus 5.5  objective on the Zegage 
Pro HR increased the total measurement time of 
the same area by 7  when using “autofocus” (i.e., 
centering the modulation envelope in the scan 
length) which increases measurement time for a 
single frame but allows shorter scan length 
without introducing regions of “not measured” 
data.  
 
Uncertainty contributors 
For each measurand and its realization, a 
separate uncertainty analysis is required. Taking 
the solidified melt pool length in B1 (Figure 3) and 
R1 as an example, the largest uncertainty source 
is the realization of the point where the melt pool 
ceases to be anomalous, that is when 
unperturbed weld tracks in the step-over direction 
are observed. Hence the step over spacing 

and the standard uncertainty for this source 
contributing to the dispersion of values that can 
reasonably be attributed to the measurand. The 
width of the contour pass at the tip in B1 varies 

arising from identifying the “tip of the sample”, 
defining either the beginning and/or end of the 
anomalous melt pool depending on the stepover 
direction. These uncertainty sources are 
uncorrelated      and      can be combined in 
quadrature, giving a fixed standard uncertainty 
independent of the estimated length (L) of 

established based on the pixel size, calibrated as 

fractional uncertainty of 0.5 % in this calibration 

plane measurements, i.e., L  0.005, where L is 
this measured anomalous melt pool length.  
 
Distortion in the imaging system, typically 
dominated by quadratic and cubic terms, will 

measurement and in Z when best fit planes are 
removed [14]. Best practice using a CSI involves 
minimizing part slope with respect to the detector, 

slope changes over spatial wavelengths that are 
harmonics of hatching distance are expected. 
Cubic imaging system distortion should result in 
a spurious ripple at spatial frequencies given by 
the effective stitching step over, overlap (20 %), 

and tilt orientation. In measurements of polished 
surfaces [14], the ripple is easily seen and can be 
compensated. In the measurements reported 
here no such ripple was detected in the expected 
wavelength range of 1.1 mm to 1.5 mm  For the 
low average slopes indicated below, the ripple 
amplitude due to stitching may be masked by the 

lead to apparent low order bending dominantly in 

residual stresses in the part. 
 

will result in a cosine error in L. The subplates 
have a coordinate system marked in by the EOS 

alignment uses a simple fixture contacting one 

sub-plate coordinate lines show deviations of less 
than 6 mrad. Part tilt about the x axis (Fig 3) will 

along the pedestal of the longest sample on B3     
indicate a tilt of 2 mrad, These misalignments 
give negligible length uncertainties for a 20 mm 
long anomalous solidified melt pool. 
 
The Zegage Pro HD is located in a lab controlled 
at 20 oC  0.5 oC. Instrument system control 
software is turned off when the instrument is not 
in use, but stage motions controls are not, 
resulting in a stage top surface temperature 
above ambient, presumably due to holding 
current. The apparent stage surface temperature 
was measured using a Wintact WT320 hand held 
“infrared thermometer” (without emissivity 
correction) after more than20 hours of inactivity 
and again after 3 hours of near continuous 
stitching. The recorded temperature increase is 
less than 2 C. The coefficient of thermal 
expansion (CTE) of IN625 at 20 C is 13 ppm/ C 
[15]. Hence, the uncertainty in the measured 
length due to thermal expansion caused by 
increase in sample temperature of 2 C is 
negligible (less than 1 µm). The elevated 
temperature of the stage will affect the lateral 
calibration artifact, a lithographically produced 
pattern on a silicon substrate. Taking the CTE of 
silicon as 3 ppm/ C to 5 ppm/ C [16] results in a 
negligible contribution to uncertainty in L. This 
analysis gives an expanded standard uncertainty 
[12] for a 20 mm sample using R1 method of 0.22 
mm with a coverage factor k=2.  
 

is subject to many of the same sources of 
uncertainty as R1 except for defining the start/end 



melt pool which is reduced to the spatial sampling 
of the CSI because the intersection and re-
intersection of the anomalous melt pool with the 
reference surface occur at single xy-pixel 
locations, subject to electronics and other noise. 
Evaluations of the type A uncertainty 
contributions indicate that the mean standard 
deviation per pixel for Zegage Pro and Nexview 
were similar, while the tails of the distribution for 
Zegage Pro HD are larger, especially for large 
stitches. In the data reported here this is 
ameliorated using 5  point removal. Using R2, 
uncertainty contributions in three axes must be 
considered. Scale resolution and its uncertainty 

source of uncertainty using R2 is how the data is 
leveled, as this directly impacts the orientation of 
the reference plane with respect to the 
anomalous melt pool affecting the locations 

of variation that may be expected, R2 was 
assessed by varying the offset used to define the 

varying the field of view of measurement area 

excluding/including different amounts of 
sample/pedestal region, and using either 3-point 

standard deviation between the 12 length 
 

included angle subject to these perturbations was 

included angle the standard uncertainty from this 
L. Measurements 

obtained using R2 assume the sample in 

the realization of the other measurands: width, 
height, and volume.  
 
Repeatability and Reproducibility 
A single 15o included angle sample was 
measured on three different days at different 
times of day in a 21-day period at three different 

repeated stitched measurements were made in 
each set up.  At each position, the amount of 
pedestal region and location of the octagonal 
single layer sample within the stitched field of 

instrument and stitch settings remain constant. 
Using R1, the average measured length for the 

a range of 

mm. 

 
FIGURE 4. Anomalous solidified melt pool after 
segmentation using R2 method [3]. 

operators using R1 and/ or R2 for samples from 
B1 through B3 with included angles ranging from 
5o o. 
 

 
FIGURE 5. Included angle (  or ) vs. measured 
length.  
 

included angle exceeds the combined standard 
uncertainty for individual measurements 
discussed in the previous section. 

CONCLUDING REMARKS 
Characterization of the surface signatures of 

octagonal samples provides a route toward 
prediction of such anomalies at the design stage. 
A variety of optical methods can be used in this 



characterization. CSI is well suited to these meso 
scale measurements; the uncertainty in the 
measurement of the length of the anomalous 
solidified melt pools is small compared to the 
variability arising from process and thermal 
differences for each between samples. Improved 
understanding of these sources may lead to 
improved prediction. 
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