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Abstract
The Air Force Research Laboratory Additive Manufacturing Modeling Series was executed to create calibration and valida-
tion data sets relevant to models of laser powder bed fusion-processed metallic materials. This article describes the data gener-
ated for the 2nd of 4 challenge questions which was specifically focused on microscale process-to-structure modeling needs. 
This work describes the experimental methods, and the resulting characterization data collected from a series of single-track 
and multi-track deposits built with an EOS M280 from the nickel-based alloy IN625. In general, track dimensions followed 
common scaling behaviors as a function of processing parameters in quasi-steady-state regions, but significant systematic 
track geometry variations were quantified in transient regions with more dynamic energy input processes.

Keywords  Laser powder bed fusion · Track dimension characterization · Process model validation

Introduction

This article describes the data collection and analysis proce-
dures executed in support of the Air Force Research Labora-
tory (AFRL) Additive Manufacturing Modeling Challenge 
(AMMC) series, Challenge 2. The overall challenge series 
was introduced in March 2018 [1] and is described both in 
an overview in the present issue [2], as well as in individual 
articles for each challenge problem [3–6] as well as the pre-
sent work.

Challenge 2 was specifically aimed at interrogating 
process-to-structure links at the microscale. Challenge 
participants were asked to make predictions of several 
geometric aspects of as-deposited metal laser powder bed 
fusion (LPBF) tracks produced by relatively simple laser 
scan paths. The data to support this challenge is divided 
into two components: one set of data describing single-track 
deposits was collected and provided for potential challenge 

participations to use in model calibration activities, and a 
second set describing multi-track and multilayer deposits 
was withheld for validation purposes. The methods to collect 
and analyze both of these sets are described in the following 
work along with basic observations and conclusions.

As noted in many previous studies of LPBF, track dimen-
sions are affected by a number of process parameters to 
include but not limited to: laser power P, scan velocity v, 
and laser spot size [7]. Additionally, deposit dimensions at 
a particular location are influenced by the temperature of the 
material onto which they are deposited, often referred to as 
preheat, and as such by previous energy input and transport 
processes. The laser scan path, the location within the com-
ponent, and the overall component geometry/size therefore 
influence location-specific deposit geometry. The design of 
experiments for this challenge explicitly included changes 
in processing parameters, measurement location, and laser 
scan geometry, whereas the calibration data only explicitly 
incorporates changes in P and v.

Deposit geometry was chosen as the measured response 
for three primary reasons. First, it is directly relevant to the 
formation of defects such as lack of fusion porosity [8]. 
Insufficient deposit overlap both within a layer and from 
layer to layer leads to void formation which ultimately has 
a deleterious impact on mechanical performance metrics 
such as fatigue life [9, 10]. Models that can accurately assess 
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deposit geometry could be used, for instance, to quickly 
screen for pathological combinations of scan path, com-
ponent geometry, and process parameters. Second, deposit 
geometry is a rudimentary indicator of the nature of the full 
spatiotemporal temperature field T(r, t) . The dimensions of 
the molten region observed in the post-build condition are 
essentially a record of the maximum extent of the solidus 
temperature Ts. It is ultimately desirable to assess the full 
T(r, t) as it drives many aspects of both the initial micro-
structure (e.g., crystallographic texture, grain morphology, 
solid-state transformations in some alloys), as well as mac-
roscopic behaviors such as part distortion. Agreement on 
the dimensions of the molten region is taken as an initial 
indicator of simulation accuracy, though it is clearly not suf-
ficient to guarantee general accuracy of the full T(r, t) . Third, 
as will be shown in the following, deposit geometry can be 
reliably and repeatedly measured in the post-build state with 
widely available methods that do not require modification of 
the AM system. We do not discount the value of in situ mon-
itoring data for qualitative indicators of processing behav-
ior, and also acknowledge that there are advanced tools and 
techniques capable of quantitative, real-time measurements 
of the temperature field [11–13]. However, well-calibrated 
measurements up to the melting temperature are still quite 
challenging and not widely available at this time. Also, ther-
mal imaging techniques are limited to assessing temperature 
on the external surfaces of the material only, and techniques 
employing embedded thermocouples produce measurements 
at individual points which are often remotely located [14].

The remainder of this work is organized as follows: in the 
Methods section, we describe the general responses to be 
measured and the techniques employed for material fabrica-
tion and characterization. The single-track calibration item 
data collection is covered, including both cross-sectional and 
top-down measurements, followed by the validation items 
including both multi-track and vertical wall specimens. Sev-
eral observations from these raw data are described in the 
Discussion section, and finally the Conclusions section sum-
marizes key points.

Methods

We use several coordinate systems to describe the specimens 
throughout this work. A global coordinate system described 
in the machine reference frame is denoted by directions (X, 
Y, Z). This system is generally consistent with that described 
in ISO/ASTM 52921 [15], with the exception that in the 
present case the origin is at the front left corner of the build 
plate, not the center. The Z direction is orthogonal to the 
build plate and pointed vertically upward, X is parallel to the 
front of the machine with + X pointed to the right as viewed 
from the front of the machine. Finally, Y is orthogonal to X 

and Z and oriented such that it forms a right handed coordi-
nate system. We also employ individual specimen-centered 
coordinate systems for convenience, and denote these with 
a primed notation (X’, Y’, Z’). In general, Z’ is parallel to 
Z, and X’ and Y’ are rotated 10° counterclockwise (posi-
tive sense by the right-hand-rule) about the Z’ axis from 
the global X and Y directions. The local origin for each 
specimen-centered system X’,Y’ = (0,0) is coincident with 
the scan-vector beginning or end point that has the lowest Y 
value in the machine coordinate system for that specimen. 
While there are several such specimen-centric coordinate 
systems across the work, the one in use at any given time is 
generally obvious and our notation does not explicitly dis-
tinguish between them for brevity.

Material Fabrication

All material for Challenge 2 was fabricated on a stock EOS 
M280 LPBF system in good working order, and came from 
one build that was part of the overall AFRL AMMC cam-
paign. This build employed commercially available IN625 
powder feed stock; the powder chemistry and particle size 
distributions are described in the supplemental information. 
A soft recoater brush and conventional mild steel build plate 
(250 mm × 250 mm × ~ 30 mm) were utilized, along with a 
layer thickness of 40 μm. The beam has a nominally Gauss-
ian intensity distribution in the build plane with 4σ diameter 
of 0.1 mm as reported by the system manufacturer, though 
this was not independently verified on the specific machine 
used. The build-preheat temperature was nominally 80 °C, 
though this quantity was not independently measured. All 
material interrogated for this challenge was examined in the 
as-deposited state with no further heat treatments applied.

The full build geometry is shown in Fig. 1 and is defined 
in the STL file format in the calibration data package. The 
actual scan vectors for all challenge items are described 
in the CLI file format, which are also included in the data 
package. We note that there were a multitude of other items 
printed in this build, but these are generally widely sepa-
rated from Challenge 2 items. Three types of geometries 
were used in Challenge 2 referred to here as single-tracks, 
multi-tracks, and vertical walls. The single-track items were 
used for calibration purposes, whereas the multi-tracks and 
vertical walls were the basis for all challenge questions and 
the associated validation portion of the challenge.

The 11 total single-tracks are denoted by Specimen IDs 
B10 to B20, and are produced using a single laser pass each. 
The specific processing conditions including laser power P, 
scan speed v were varied across the specimens as listed in 
Table 1. These parallel passes are a total of 20 mm in length 
and separated from each other by a distance of 3 mm, which 
is much larger than the typical melt-pool geometry produced 
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for the range of power and scan speed used. The nominal 
processing time for each path is on the order of 10 to 20 ms; 
an estimate of a characteristic thermal diffusion distance 
for IN625 over this time is on the order 0.5 mm, and this 
extends to only 1.7 mm for the full duration of all 11 passes. 
These tracks are essentially thermally non-interacting via 
conduction through the substrate block on the time scale of 
the deposition.

Multi-track items were fabricated using a series of laser 
scan tracks intended to replicate a typical snaking or raster 
scan strategy that is the basis of space filling algorithms uti-
lized by many commercial LPBF systems shown in Fig. 2. 
These tracks are generally spaced close enough that they at 
least partially overlap, remelting previously deposited mate-
rial. Unlike a conventional build however, these items con-
sist of scans in only a single layer, which is again deposited 
on the top of substrate pads. The individual scan vectors for 
the items in question alternate in direction between parallel 
and antiparallel to the + X’ direction, and are always per-
pendicular to Y’. Vectors are scanned successively begin-
ning with the vector with the lowest Y’ value and working 
toward the most positive Y’. The first vector processed (track 
n = 1) is processed with the beam progressing in the + X’, 
and thus the second would progress along − X’, with sub-
sequent vectors alternating in a similar fashion. When the 
beam reaches the end of a scan vector, there is an approxi-
mately 0.5 ms period during which the laser beam is off 
(i.e., no energy delivered to the material) while the beam 
moves to the beginning of the next scan vector. This estimate 
is based on previous experience with sky writing behavior 
on this system, but no direct measurement of this quantity 
could be made on the unmodified printing system. Multi-
track specimens include items with IDs B26, B27, B31, B34, 
B35, and B38, and the specific processing parameters used 
for these items are listed in Table 2. Note that Item B35 is 

a composite item consisting of two sub-domains processed 
in sequence, whereas all other multi-track items consist of a 
single domain and are therefore considered “simple.”

Vertical wall items are similar to the single-track items in 
that each is composed of a single laser pass within the layer. 
However, unlike the single-track items, additional identical 
vectors are processed in subsequent layers. These are posi-
tioned directly on top of the first vector and repeated for 9 
additional layers, for a total of 10 layers. These vectors are 
each 5 mm in length, and are all processed with the beam 
progressing in the + X’ direction. There were 5 items pro-
duced, B21–B25, though only B21 and B25 were included in 
the challenge question. The specific processing parameters 
utilized for all 5 features are shown in Table 2, and a pair of 
oblique secondary electron (SE) images including all items 
in Fig. 3a and a close-up of item B21 are shown in Fig. 3b.

All three types of items described above were deposited 
on top of substrate pads that were, in-turn, built by the LPBF 
process. All single tracks were deposited onto one substrate 
pad, all vertical walls were deposited onto a second sub-
strate pad, and all multi-track specimens were deposited onto 
individual substrate pads. These substrate pads were 5 mm 
in height, or 125 processing layers, were built directly onto 
the build plate, and generally extend within the plane by at 
least 3 mm beyond the extent of the challenge items. The 
last three layers of the pads were processed with “top-skin” 
parameters, a parameter set commonly used to leave a rela-
tively flat, final surface in preparation for the deposition of 
the calibration and validation items in layer 126. The final 
processing of the substrate blocks occurs at the beginning of 
layer 125. The calibration and challenge items are processed 
at the end of layer 126, at an absolute nominal height of 
5.04 mm. Specimens B21 and B25 continue to layer 135. 
Layer processing times are approximately 85 s to 90 s up 
to layer 122, then 275 s for layers 123–125, 39 s on layer 

Fig. 1   Top-down a and oblique view b of the build geometry. The individual items utilized in Challenge 2 are shown in color; gray items are 
substrate pads or items not utilized as part of Challenge 2
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126, and finally 27 s thereafter. A full description of layer 
timings is provided in the data package. A nominal powder 
spreading operation was performed at the beginning of layer 
126 before the items were printed. After the build was com-
pleted, a wire electro-discharge machining (EDM) operation 
was utilized to remove the substrate pads from the build 
plate, with no additional heat treatment.

Measurement Response Descriptions

For single-track specimens, there are 4 measurable quanti-
ties extracted from cross-sectional images shown schemati-
cally in Fig. 4a. The maximum or Feret width of the track 
Wm measured parallel to the substrate plane, the width of 
the track where it intersects the substrate W, the maximum 
height of the track H above the substrate and parallel to the 
Z’ direction, and the depth D of the track below the sub-
strate, again parallel to the Z’ direction. These quantities are 
shown in Fig. 4a. Additionally, top-down images of single 
tracks were also used as a separate measure of the maximum 
apparent width, Wt. Occasionally, spatter or partially melted 
particles are encountered, and these are also described in 
Fig. 4a. When the exterior contact angle is less than 90° 
the particle is considered only partially incorporated, and 
is not counted toward the maximum extent of either width 
or height, as is the case for the item labeled 1 in Fig. 4a. 
However, as for the item labeled 2 in the same schematic 
where the exterior contact angle is greater than 90° the item 
is counted as part of the track and could contribute to either 
the width or height measurements.

There are again 4 measurable quantities extracted for 
each track within cross-sectional images of the multi-track 
objects. These are defined differently than those of the single 
tracks and are shown in Fig. 4b. The un-remelted width Wu is 
the distance measured parallel to the Y’ direction extending 
from the lowest Y’ for any part of track n to the lowest Y’ 
value along the interface between track n and the next sub-
sequent track it intersects with (i.e., typically n + 1 but some-
times n + 2 in case of extensive remelting). In cases where 
there is no overlap with a subsequent track, we report the 
distance from the lowest to the highest Y’ value for track n. 
Note that in either case, these extrema in Y’ do not necessar-
ily occur at the same Z’ value. The half-width at maximum 
depth Wd is the distance measured parallel to the Y’ direction 
from the lowest portion of track n in the Z’ direction to the 
lowest Y’ value of track n. The total depth Dtot is the dis-
tance measured along the Z’ direction from lowest to highest 
points of track n. In the case of multiple local maxima in the 
Z’ direction, we use the value with Y’ value closest to the Y’ 
of the absolute minima. Finally, Dr is the distance measured 
along the Z’ direction from the lowest point of track n in Z’ 
to the intersection of melt-pool boundaries for track n with Ta
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track > n (i.e., n + 1 or n + 2). If the track in question has no 
intersection with an adjacent track in the direction toward 
n + 1, then Dr is equivalent to Dtot.

These quantities were chosen as they are generally simple 
to identify from cross-sectional views and capture several 
important aspects of track-to-track overlap. Additionally, 
they do not refer to a global datum in the Z’ direction which 
can be difficult to define on as-printed substrates. When the 
process is operating in a quasi-steady-state Wu is expected 
to approach the hatch spacing h, which is the nominal scan-
vector to scan-vector spacing along the Y’ direction. Wd is 
taken as an indicator of the overall track width prior to any 
remelting from subsequent tracks. Dtot is an indicator of the 
total penetration depth plus deposited material, and Dr is 
an indicator of the degree to which track-to-track overlap is 
maintained below the substrate plane. Insufficient Wd for a 
given Wu or hatch spacing could lead to gaps between tracks. 
Values of Dtot insufficiently large in comparison to the layer 

Fig. 2   Renderings of the scan vectors for multi-track items used in Challenge 2. Color represents the order of vectors within the multi-track item 
with purple being first and yellow last. The red circle is the local coordinate system origin, X’ = 0, Y’ = 0

Table 2   Processing parameters 
and geometric details for all 
multi-track items

Pad ID X’−Y’ size [mm] Height 
[layers]

Power [W] Speed [mm/s] Hatch [μm] N tracks

B21 5 × 1 track 10 300 1230 – 1
B22 5 × 1 track 10 241 990 – 1
B23 5 × 1 track 10 349 1430 – 1
B24 5 × 1 track 10 349 1058 – 1
B25 5 × 1 track 10 241 1529 – 1
B26 3 × 3 1 300 1230 100 30
B27 10 × 3 1 300 1230 100 30
B31 10 × 3 1 300 1230 75 40
B34 10 × 3 1 300 1230 125 24
B35 1 × 3, 9 × 3 1 300 1230 100 30
B38 15 × 3 1 290 953 100 30

Fig. 3   a Oblique view of vertical wall features on a substrate pad. 
B21 is closest and B25 furthest. b Side view of item B21; this vertical 
wall was scanned from left to right as oriented in this view on each of 
10 successive layers. Walls are nominally 5 mm in length from start 
to finish
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thickness would lead to lack of fusion between subsequent 
layers, and a large value of Dr could leave gaps between 
tracks even though the tracks overlap at the top surface. 
While these are simple metrics, previous work has shown 
that such geometric arguments can be effective indicators 
of parameter and scan-vector pathologies [16].

Single‑track Measurements

Data provided to participants as part of the calibration data 
package included the measurements of the width and depth 
of the single-track deposits described in the Measurement 
Response Descriptions section. Each individual single track 
was first imaged using Back Scatter Electron (BSE) Scan-
ning Electron Microscopy (SEM) along the − Z’ direction. A 
series of image tiles arranged along the length of every track 
were collected and then combined into a single montage 
using Fiji’s [17] Grid/Collection Stitch filter, an example is 
shown in Fig. 5a.

These montages were independently examined by two 
members of the AFRL team, and the width of each track 
was recorded at 20 locations separated by approximately 
200 μm each. These locations were within the central 10 mm 
of the track, and did not capture transient behavior near the 
beginning or end which was typically isolated to within the 
first or last 1 mm. Occasionally, adhered powder particles 
or other features characteristic of dynamic motion of molten 
material were encountered at the measurement locations. 

Such features were not included as part of the width if they 
formed an exterior contact angle less than 90°. Both inde-
pendent observers were in close agreement; the average of 
the absolute difference across all 11 tracks was 2.6 μm on 
track widths that ranged from 80 to 130 μm. The full pop-
ulations of each measurement quantity collected by each 
observer were compared using Welch’s t test; no statistically 
significant differences between observers were indicated at 
the level p = 0.01. Table 1 gives average and standard devia-
tions for each track.

In order to observe the depth of penetration into the sub-
strate pad, the tracks were sectioned and mounted in order to 
view a Y’Z’ type plane (i.e., a plane orthogonal to the single-
track processing vectors). These sections were etched and 
optical microscopy (OM) images were collected, an example 
of which is shown in Fig. 5b. Additional material was then 
removed using a modified Robo-Met serial sectioning sys-
tem [18], and the etching and imaging process for each sub-
sequent section was repeated. In total, a series of 10 images 
was collected for each track, with each plane separated from 
the previous by approximately 100 μm along the X’ direc-
tion. In each of these sections, 4 quantities described in the 
previous section were manually collected independently by 
two observers. Table 1 contains the average and standard 
deviation of the observations for all tracks. The popula-
tion of measurements collected by each observer was again 
compared for each measurement quantity using Welch’s t 
test as with the top-down images; no statistically significant 

Fig. 4   Schematics of a single-track and b multi-track cross-sectional 
observable quantities. Tracks are viewed along the − X’ direction, 
the track in question is depicted in green, and substrate material is 
shown in gray. For multi-tracks in b the track in question is num-
bered n, with previously deposited tracks denoted n − 2 and n − 1, and  

subsequently deposited tracks n + 1 and n + 2. Note that a depicts a 
single-track case where the maximum track width Wm occurs above 
the substrate. In cases where the maximum width occurs at the  
track–substrate intersection, Wm = W 

Fig. 5   Examples of a top-down BSE and b cross-sectional optical etched microscopy images used to quantify single-track dimensions
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differences were indicated at the level p = 0.01. Note that the 
depth to width ratios are largely consistent with conduction 
mode, with no evidence of significant keyhole or keyhole 
porosity [19, 20].

Validation Data: Multi‑tracks

The multi-track specimens were first imaged in the as-
printed state from a top-down perspective using BSE mode 
in the SEM as shown in Fig. 6. The viewing orientation 
was essentially parallel to the − Z’ direction, and an image 
montage was collected. In these images, the system-specific 
coordinate direction + X’ is pointed horizontally to the right, 
and + Y’ is pointed vertically upward.

The challenge question measurement locations were 
originally defined with respect to each specimen-centered 
coordinate system, with its origin at the beginning of the 
first laser scan track (X’ = 0, Y’ = 0). The first measurement 

plane at X’ = 100  μm in particular must be located to 
within ± 10 μm of the nominal position as significant sys-
tematic transients in track geometry are anticipated in this 
region; the quasi-steady region near the specimen mid-line 
only requires positional accuracy on the order of the track 
width, ± 100 μm. Because of the dynamic nature of the melt-
ing and solidification process and subsequently irregular 
track shapes, the origin cannot be directly determined from 
the top-down view with sufficient accuracy using the one end 
of the tracks alone. Instead, the position of the scan origin 
was identified by superposing a rectangle with the nominal 
dimensions of the scan path (e.g., 3 mm × 10 mm for B27) 
onto the top-down image, and then centering this on the 
as-deposited tracks. The lower left corner of this rectangle 
was taken as the specimen-specific coordinate system origin, 
and all measurement plane positions were measured from 
this datum. In this manner, the origin is determined without 
introducing bias from distortions in the turnaround regions, 
as we expect both the turnarounds in both the low and high 
X’ coordinates to be symmetrically distorted about the speci-
men mid-plane. In subsequent work, we have included addi-
tional independent fiducial marks to make identification of 
the laser scan coordinate system simpler and more objective.

Once the system-specific coordinate system origin was 
identified, the X’ positions of the measurement planes were 
located, and a fiducial marking strategy was devised such 
that the position of subsequent cross-sectional Y’Z’ planes 
could be clearly linked back to the top-down views. Because 
track geometry could vary rapidly with X’, particularly near 
the transient turnaround regions, it is necessary to verify 
that the sections used to characterize these geometries were 
within an acceptable tolerance of the intended X’ where 
modeling results were requested. Two sets of marks were 
added to the specimen. The first set included a series of 
triangular notches removed from the edges of the substrate 
pads using a wire-EDM cut with the wire parallel to the Z’ 
direction. These gross marks cause the apparent width of the 
substrate pad measured along the Y’ direction to vary as a 
function of the X’ position as viewed in a Y’Z’ cross section 
and quickly afford an estimate of the X’ position.

The second set of marks consists of a series of arrow-
head features added on the top surface of the substrate pad 
adjacent to the multi-track region using a focused ion beam 
(FIB). These marks are located at each X’ location where a 
cross-sectional view was to be collected, and placed on both 
sides (+ Y’ and − Y’) of the multi-track region. After the 
FIB operation was complete, each specimen was separated 
into two pieces with a wire-EDM cut along a line parallel 
to the Y’ direction. The top surface of each of these pieces 
was again imaged in top-down BSE as described above, and 
these two new image montages were then registered back 
to the original top-down image of the whole specimen in 
Fiji using the Linear Stack Alignment with SIFT [21]. This 

Fig. 6   Top-down BSE images of specimen B27 in the a as-received 
condition, b as-received conditions annotated with planned FIB fidu-
cial markings and EDM cut locations in white lines, and c after actual 
FIB marking and EDM cutting operations. In c separate images of 
the left and right half of the item were collected and then aligned to 
the image in (a) using Linear Stack Alignment with SIFT in Fiji. The 
local coordinate system X’, Y’ is explicitly denoted only in panel (b) 
for clarity
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process allows for verification of the actual fiducial marking 
positions in the original coordinate system. Drift during the 
FIB operation resulted in positions of the trenches being dif-
ferent than the original planned locations and in some cases 
additional marks had to be added in a second FIB session. 
Post-FIB imaging and the registration process documented 
the actual mark locations in the X’Y’ coordinate system, so 
these were still sufficient to determine the section plane posi-
tion to the required accuracy.

After all top-down fiducial marking and imaging opera-
tions were complete, each of the portions of the original item 
was mounted such that the X’ direction is normal to the pol-
ishing plane. Polishing generally proceeded in both the + X’ 
and − X’ directions beginning from the wire-EDM cut, and 
was executed in a Robo-Met automated serial sectioning 
system [18]. For imaging planes where X’ < X’EDM the sec-
tion is viewed along − X’ direction, with + Y’ pointed to the 
right in the image, and + Z’ is vertically upward. The first 
track deposited appears on the left side of the image, and 
the final track deposited appears closest to the right edge. 
For imaging planes where X’ > X’EDM, the section is viewed 
along the + X’ direction, and thus + Y’ is oriented horizon-
tally to the left in the image, and + Z’ is vertically upward. 
Here, the first track deposited appears on the right side of the 
image, and the final track deposited appears closest to the 
left edge. These orders are important to ensure the sequence 
as described in Fig. 4b is honored.

When viewed in the Y’Z’ cross-sectional planes, the FIB 
marks appear as “V” shaped trenches, with one or more pairs 
of trenches located on both sides of the multi-track region. 
The bottom (most negative Z’) of each trench can easily be 
identified, and the distance between the trench pairs along 
the Y’ direction can be directly measured. This distance can 
then be correlated with the mark location as documented in 
the top-down view, and thus converted into an absolute X’Y’ 
location. This is done for each pair of visible trenches, and 
the sectioning plane position is then identified by a line con-
necting the X’Y’ locations from trench pairs on either side of 
the multi-track deposit. Both the difference in the absolute 
X’ position of the sectioning plane from the nominal position 
(ΔX’) and any apparent rotation of the nominally Y’Z’ about 
Z’ are determined and documented in Table 3.

Track geometry is most transient for the sectioning planes 
within 1.5 mm from the turnaround regions. For these sec-
tions, fiducial trench measurements indicate the mean abso-
lute deviation of X’ value from the target, ΔX’, is within 
3.0 μm ± 2.0 μm of the intended X’ value. Tilt of the Y’Z’ 
planes about the Z’ axis also contributes to uncertainty in X’, 
and the trench position indicates that the mean of the abso-
lution angular deviation was 0.17° ± 0.09°, which results in 
a total deviation in X’ across the 3 mm wide multi-track 
region of 8.1 μm (i.e., ± 4.05 μm about the mean X’ value). 
Assuming a similar angular uncertainty in the tilt about the 

Y’ axis, this would correspond to 0.5 μm deviation over the 
more limited range of 100 μm to 200 μm in the Z’ direction. 
Finally, an additional contribution to uncertainty in X’ is 
non-planarity of the polished surface. Polished surfaces are 
not perfectly planar and exhibit some degree of “doming,” 
wherein the center of the mount/specimen is slightly taller 
than the edges. A scanning white light interferometer was 
employed to measure the profile of the polished surface. 
Slight doming was observed with maximum variation from 
the center to the edge of the metallic portion of the mount 
of 2.5 μm. In a smaller window including only the multi-
track region this span was reduced to 0.4 μm. Taking the 
square root of the sum of the squares of these contributions 
suggests a total sectioning plane position uncertainty along 
the X’ axis on the order of 5 μm, within the targeted value 
10 μm. Note that for X’ planes greater than 1.5 mm from the 
turnarounds do exhibit larger uncertainty. However, these 
uncertainties are still less than 100 μm which was deemed 
sufficient given the significantly reduced impact of X’ uncer-
tainty on track dimensions for the quasi-steady regions.

Table 3   Multi-track section nominal positions X’, as well as observed 
angular tilt about Z’ and section plane displacement ΔX’ to the near-
est half-micron

Angular deviation was computed once for each mount, subsequent 
sections from the mount inherit the same value as denoted by the ’’ 
symbol

Specimen ID X’ [mm] Angle [°] ΔX’ [µm]

B26 0.1 − 0.29 − 3.5
B26 0.25 ’’ 2.5
B26 1.5 ’’ − 0.5
B27 0.1 − 0.14 − 2.0
B27 0.25 ’’ 4.0
B27 1.5 − 0.11 0.0
B27 5.0 − 0.06 32.0
B31 0.1 0.24 4.0
B31 0.25 ’’ 4.0
B31 1.5 ’’ 1.0
B31 5.0 0.1 30.0
B34 1.5 0.32 2.5
B34 5.0 0.17 − 5.0
B35 0.1 − 0.08 1.0
B35 2.5 − 0.1 − 6.5
B35 0.5 − 0.07 1.5
B35 1.1 ’’ − 8.5
B35 1.25 ’’ 3.5
B35 1.5 − 0.02 3.0
B38 0.10 0.18 2.0
B38 0.25 ’’ 4.0
B38 1.5 0.15 3.0
B38 7.5 0 − 2.5
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In general, serial polishing progressed until the appar-
ent substrate pad width viewed along the Y’ direction was 
close to the expected width based on the coarse EDM fidu-
cial marks. At this point, the distance between the FIB 
trenches was measured as described above and the abso-
lute X’ position determined. Sectioning progressed until 
such measurements indicated that the sectioning plane 
was sufficiently close to the desired location. When the 
nominal section position was achieved within the required 
accuracy as indicated by FIB trench spacing, the serial 
polishing operation was paused. Final polish before etch-
ing consisted of 1 min using a 1 μm diamond on an Allied 
Final Red polishing cloth. The specimen was removed 
from the system and manually swiped with 4 or 5 passes 
of an etch consisting of 60 mL HCl, 18 mL H2O, and 3 g 
CuCl2, and then optically imaged.

The resulting image montages were manually examined 
and key points were identified and annotated using Fiji. 
Each key point is assigned an integer index, and the abso-
lute position of these points in the image coordinate system 
was exported for subsequent analysis. The list of key points 
begins with the edge of the specimen which has lowest Y’ 
value, and proceeds with identification of FIB trench loca-
tions on the low Y’ side of the multi-track, the edges of the 
multi-track deposit itself, then FIB trenches on the higher 
Y’ side of the multi-track, and finally the edge of the sub-
strate pad with the highest Y’ value. Then, four key points on 
each track in the multi-track region are identified. For track 
number n, these begin with the topmost (maximum Z’) vis-
ible portion of the track, which is labeled “Top,” proceeds 
to the edge of the track toward the direction of the previ-
ously deposited track n − 1 (minimum Y’, labeled “Left” for 
imaging planes viewed toward − X’, and “Right” in imaging 
planes viewed toward + X’), then to the lowest (minimum 
Z’) visible portion of the track (“Bottom”), and finally with 
the point of intersection with the next track deposited n + 1 
(“Intersection”). If track n and n + 1 do not intersect, the 
point labeled “Intersection” represents the location on track 
n with the maximum Y’ value. This process proceeds for 
each track in order of increasing track number, which is also 
increasing Y’.

Once all key points are identified, the reduced quantities 
of interest from Fig. 4b are computed for each track, and 
then averaged as described in the original challenge descrip-
tion. The first three and last three tracks are not included, 
and the average and standard deviation are computed for 
the remaining tracks after they are divided into subgroups 
for each unique combination of specimen ID, measurement 
plane, and even or odd track number. These values are finally 
reported in Table 4.

In total, across the 6 multi-track specimens 23 imaging 
planes were examined: 16 as part of the challenge, and 7 
additional non-challenge locations. A total of 498 challenge 

tracks and 219 additional tracks were characterized through 
identification of 2868 key points. One track from one item 
(B35) could not be clearly identified due to etching irregular-
ity, but this particular track was not contained in a challenge 
plane and so no further attempt was made to quantify it.

Validation Data: Vertical Walls

The vertical wall specimens were also imaged via BSE in the 
SEM before being mounted and sectioned to document the 
general specimen condition and configuration. The substrate 
pad holding all five vertical walls was then mounted and 
polished in the Robo-Met system along the + X’ direction, 
with the sectioning plane parallel to Y’Z’. The sectioning 
progressed with a step size of approximately 10 μm, and 
the full set of walls and the substrate pad were imaged with 
optical microscopy at each step. Sections are numbered in 
the sequence in which they were collected, and a total of 544 
sections spread across the full 5 mm wall length were col-
lected. The raw images are oriented such that + Y’ is approxi-
mately oriented vertically upward, and + Z’ is approximately 
horizontal and toward the right. The actual coordinate sys-
tem is rotated from this simple description by − 2.5° about 
the X’ direction, but the exact orientation was determined as 
part of the data reduction process described below. In this 
gross orientation, item B21 is located closest to the bottom 
of the image, and item ID increases toward the top in numer-
ical order finishing with item B25 at the top of the image.

These raw images were assessed to determine the desired 
quantities including maximum wall height and cross-sec-
tional area as a function of X’. A fixed region of interest 
measuring 3 mm in Y’ was cropped around each wall. A 
datum line was fit to the substrate-mount interface using all 
points in the interface more than 250 μm from the nominal 
wall centerline. The slope of this line was used to rotate the 
image such that the mount-substrate interface was horizon-
tal; bi-cubic interpolation was employed and the rotation 
angle for each section was recorded. The intercept was also 
used to identify the substrate datum plane from which the 
wall height would be measured. Next, Otsu’s method was 
used to define an intensity threshold to optimally separate 
the mount from the metal [22]. This threshold was applied 
to create a binary mask, and then any remaining particles 
not attached to the main wall (within the image itself), and 
any holes completely within the metal were filled if their 
respective equivalent diameters were less than or greater 
than 68 μm, respectively.

The total wall height in the section is then identified as 
the distance between the aforementioned datum and the 
pixel with the maximum Z’ coordinate. To determine the 
cross-sectional area, the metal pixels within the wall must be 
separated from those in the mount. All metal pixels with Z’ 
values above the datum plane and contiguous with the pixel 
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Table 4   Average and standard 
deviation of multi-track 
experimental measurements for 
all conditions by measurement 
location and even or odd track 
type

Pad ID X’ [mm] Type Wd [μm] Wu [μm] Dtot [μm] Dr [μm]

Mean StdDev Mean StdDev Mean StdDev Mean StdDev

B26 0.1 Even 66.7 5.9 87.2 6.5 100.5 12.5 7.6 3.3
B26 0.1 Odd 143.1 13.2 204.3 13.7 166.6 14.1 105.6 18.2
B26 0.25 Even 64.8 6.7 93.0 10.1 93.1 7.6 14.8 5.6
B26 0.25 Odd 139.0 10.5 193.9 11.8 137.8 7.6 55.1 7.5
B26 1.5 Even 62.0 5.4 104.1 6.0 105.7 14.9 25.3 4.5
B26 1.5 Odd 77.1 13.3 125.3 12.4 113.8 17.0 54.7 9.2
B27 0.1 Even 67.6 5.0 84.8 6.8 101.9 14.0 6.8 4.1
B27 0.1 Odd 141.3 11.4 203.8 14.6 173.7 13.5 121.8 15.5
B27 0.25 Even 62.3 10.1 88.0 6.2 84.3 10.9 11.7 5.9
B27 0.25 Odd 127.7 10.5 188.1 9.3 133.3 11.8 68.1 15.8
B27 1.5 Even 61.0 7.9 98.6 7.1 108.0 12.2 23.6 3.1
B27 1.5 Odd 68.0 5.2 122.1 5.8 118.8 16.1 66.0 11.3
B27 5 Even 63.1 8.3 106.0 8.8 117.2 14.7 31.0 8.7
B27 5 Odd 64.8 6.1 115.5 7.6 119.6 14.2 57.6 8.4
B31 0.25 Even 76.0 11.5 87.1 11.3 101.7 21.1 2.5 1.6
B31 0.25 Odd 135.5 10.5 182.9 9.7 151.1 9.7 45.0 5.8
B31 0.1 Even 63.9 9.5 66.9 9.8 89.0 15.6 0.6 1.0
B31 0.1 Odd 155.4 18.0 207.0 16.9 203.1 13.0 71.1 12.3
B31 1.5 Even 65.6 8.4 92.5 9.1 108.4 10.1 11.3 3.8
B31 1.5 Odd 81.4 8.5 125.0 8.4 120.0 12.8 33.0 6.4
B31 5 Even 68.5 8.7 99.3 6.2 110.9 10.3 15.5 4.5
B31 5 Odd 72.4 7.8 111.5 8.1 113.5 10.5 26.4 6.2
B34 1.5 Even 60.9 8.0 108.2 7.0 101.8 13.1 51.8 9.6
B34 1.5 Odd 58.6 8.6 109.1 8.8 89.6 6.7 52.5 8.2
B34 5 Even 57.9 6.3 107.3 8.7 101.9 8.9 58.0 6.6
B34 5 Odd 68.2 13.5 123.2 20.8 114.0 16.3 65.9 8.8
B35 0.1 Even 154.0 14.4 215.0 14.4 135.1 14.8 64.5 14.7
B35 0.1 Odd 67.4 13.1 90.6 14.1 80.6 32.6 9.2 4.6
B35 0.25 Even 162.2 15.5 211.3 16.4 112.8 9.3 42.2 11.4
B35 0.25 Odd 82.6 11.7 114.4 11.2 90.8 15.7 18.9 4.6
B35 0.5 Even 112.4 27.2 161.2 28.1 94.5 25.0 34.7 6.7
B35 0.5 Odd 84.7 16.8 124.2 19.8 83.9 13.0 22.5 4.3
B35 1.1 Even 59.0 8.4 81.6 9.9 87.4 20.4 9.7 3.8
B35 1.1 Odd 142.1 11.8 212.4 10.6 159.7 9.6 82.3 20.2
B35 1.25 Even 58.5 9.3 89.1 5.3 79.7 7.2 28.5 25.2
B35 1.25 Odd 114.5 10.9 177.7 12.4 120.1 13.1 67.3 14.2
B35 1.5 Even 54.4 7.3 91.5 7.2 85.7 11.7 23.1 5.7
B35 1.5 Odd 89.5 12.3 149.9 12.0 108.5 15.0 58.3 10.3
B38 0.1 Even 66.3 6.3 93.4 7.4 91.7 13.6 13.3 3.4
B38 0.1 Odd 173.0 8.0 227.9 7.8 189.8 10.1 104.6 14.4
B38 0.25 Even 87.5 17.0 118.1 15.9 112.6 20.6 15.7 2.6
B38 0.25 Odd 162.8 12.1 220.3 11.4 152.8 10.1 66.4 5.2
B38 1.5 Even 77.7 7.7 117.2 8.5 115.9 7.8 24.3 3.3
B38 1.5 Odd 92.2 4.5 147.6 5.5 128.9 7.4 56.7 6.3
B38 7.5 Even 81.0 9.7 124.8 11.2 118.5 10.8 33.9 4.7
B38 7.5 Odd 79.1 9.0 130.2 9.0 116.8 9.0 46.2 7.7
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identified as the top are initially considered part of the wall. 
Occasionally, there are “wings” or excessive fillets where 
the substrate and wall meet. To exclude these from the wall, 
the subset of pixels in the metal within the height ranging 
from 15 to 100% of the total height above the datum was 
then considered. The standard deviation of the wall width 
and its centerline position in the Y’ direction are computed 
using these pixels. Then, any pixels in the lower 15% of the 
wall height that fall more than 3 standard deviations from the 
centerline were excluded from the wall and considered to be 
part of the substrate. All pixels remaining within the wall are 
then counted toward the wall area for the section in question.

Figure 7a shows an example of a raw cross section image 
and Fig. 7b shows the corresponding processed version. 
The pixels in Fig. 7b are set to black in the area identified 
as the mount, gray in the substrate pad, and white in the 
region identified as the wall. The solid blue lines indicate 
the substrate datum plane and the top of the wall, and the 
dashed blue line indicates the location 15% of the way up 
from the substrate toward the top of the wall. The dashed 
red line indicates the wall centerline, and the solid red lines 
indicate the extent of the horizontal range used to remove 
any excessive fillets. All images for each wall have also been 
combined into a fly-through video to afford a rapid human 
review.

This process is repeated for all sections and all walls. 
The substrate tilt angle generally varies smoothly from sec-
tion to section, and falls within the range of − 1.5° to − 3.0°. 
Occasionally though, this value fell well outside this range. 
Several such images were manually examined and these all 
exhibited either a scratch or some imaging artifact which 
obscured or altered apparent substrate/mount interface. A 
threshold of 2.5 times the standard deviation of the substrate 
angle tilt across the full population of section images was 
sufficient to identify these anomalous images. This removed 
less than 10 of the more than 500 images for each wall, 
so no further attempt was made to analyze these images. It 
is likely these could be included using a more complex or 
even a manual segmentation approach, but this was deemed 
unnecessary given the large population of sections available. 

After all images are processed and pathological sections are 
identified and removed, the appropriate subsets were utilized 
to compute the average and standard deviation of the height 
and cross-sectional area within three zones as described 
in the original challenge description: 0 < X’ ≤ 0.5  mm, 
0.5 mm < X’ ≤ 4.5 mm, and X’ > 4.5 mm, which are then 
recorded in Table 5.

Discussion

While the primary intent of this article is to document the 
data collection and post-processing procedures to enhance 
the utility of the raw data, there are several basic observa-
tions that can be made from both the calibration and valida-
tion data sets. In several cases, these corroborate expecta-
tions based on prior knowledge of the LPBF process and 
enhance confidence in the overall experimental campaign 
and subsequent data analysis. There are also several unan-
ticipated findings which are worth noting as they suggest 
areas of improvement for both specimen fabrication and 
experimental data collection and analysis procedures for 
future validation efforts.

Single‑tracks

First, we compare the mean values of the single-track width 
measurements as determined from top-down BSE to the 
maximum widths observed in the cross sections. These 
measurement modes typically differed by 1 to 4% relative 
to the average of the means of each method. Furthermore, 
a Welch’s t test at the level p = 0.01 for each track indicates 
that the means of these two measurement methods do not 
show statistically significant differences. In general, at 
least for tracks exhibiting generally regular morphology, 
top-down measurements, which are easier to perform, are 
sufficient to characterize track width if maximum width 
is sought. Figure 8 shows the result of both measurement 

Fig. 7   Example cross sections of the vertical wall specimens. a is an 
example of a raw images, and b shows the processed and annotated 
version. Only white pixels in b contribute to the areas and heights 

listed in Table 5. Vertical and horizontal axes are recorded in terms of 
pixel indices. Each square pixel measures 0.566 μm
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methods as a function of the track linear energy density 
(LED) defined as the ratio of process power to scan velocity:

The Pearson correlation coefficient (PCC) for both meas-
ures of mean width as a function of LED is above 0.98, 
indicating a strong positive correlation. Considering all data 
points individually, not just the mean values, the PCCs drop 

(1)LED =
P

v
.

to 0.716 and 0.769 for top-down and cross-sectional views, 
respectively, indicating that there are width fluctuations not 
directly explained by LED alone, but that LED is still highly 
correlated with track width.

Next, we consider relationships between the 4 response 
quantities determined from the single-track cross-sectional 
measurements. As it has been established that the maximum 
cross-sectional width Wm is consistent with top-down views 
Wt, and furthermore that those quantities are both strongly 
correlated with LED, we compare the other three cross-sec-
tional quantities to the maximum cross-sectional width. A 
statistical comparison indicates that the mean Wm is corre-
lated with the mean width at the track–substrate intersection 
W and mean depth below the substrate D with PCC = 0.985 
and PCC = 0.950, respectively. However, the height above 
the substrate H was considerably less strongly correlated 
with both the maximum. Visual inspection of a plot of height 
above the substrate vs. LED suggests that these quantities 
are effectively independent, and indeed considering all 
measured heights as a function of LED yields PCC = 0.135. 
These relationships are largely consistent with expectations 
for the conduction melting mode, higher LED leads to wider 
and deeper tracks, but track height above the substrate is 
largely dictated by layer height plus fluctuations driven by 
phenomena not directly accounted for by LED (e.g., pow-
der density fluctuations, fluid-flow phenomenon, etc.). Track 
morphology was generally regular over the present range of 
processing conditions again suggesting that the P,v values 
used yield largely conduction mode behavior. More extreme 
parameter combinations have been observed to induce more 
complex phenomena (e.g., extreme balling, unstable keyhole 
mode), and it is likely that the relationships described above 

Table 5   Summary measures of the vertical wall items for each measurement zone

Pad ID Power [W] Speed [mm/s] X’ [mm] Area [μm2] Height [μm] Section information

Start End Mean StdDev Mean StdDev Number Start Stop

B21 300 1230 0.0 0.5 79,503 26,494 606.5 88.7 54 67 120
0.5 4.5 53,931 4629 467.5 23.5 436 121 556
4.5 5.0 44,375 7008 388.1 31.5 43 557 599

B22 241 990 0.0 0.5 76,996 21,016 599.3 58.4 50 68 117
0.5 4.5 53,850 5917 483.3 35.1 434 118 554
4.5 5.0 47,193 10,861 433.6 43.3 49 555 603

B23 349 1430 0.0 0.5 92,531 28,477 676.7 84.1 54 66 119
0.5 4.5 53,568 6419 466.5 42.2 435 120 556
4.5 5.0 39,655 11,740 355.5 80.3 46 557 602

B24 349 1058 0.0 0.5 116,462 31,314 694.5 104.8 55 67 121
0.5 4.5 63,356 6855 474.2 39.1 429 122 557
4.5 5.0 41,903 7442 316.6 48.4 39 558 602

B25 241 1529 0.0 0.5 55,512 13,152 545.5 37.6 49 71 119
0.5 4.5 43,194 4655 476.6 22.9 436 120 555
4.5 5.0 41,810 9399 426.5 62.4 41 556 596

Fig. 8   Track width as viewed in top-down and cross-sectional meas-
urements as a function of LED for all single-track conditions. Solid 
symbols indicate the mean of all observations for a track, and error 
bars denote ± 1 standard deviation of the population
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differ more significantly when moving outside the present 
P,v ranges.

To assess stability of the processing environment, repli-
cates of single tracks were included in the single-track set at 
the nominal P,v combination (B10, B11, and B18). Welch’s 
t test at the level p = 0.01 indicated that each pairwise com-
bination of these three tracks was statistically indistinguish-
able across all measured quantities from the cross section 
and top-down measurements. This is taken as a positive indi-
cator of process stability, however we note that the single 
tracks were produced both physically and temporally close 
to one another, and characterization of tracks produced over 
a larger spatial and temporal range (perhaps via top-down 
width) are needed to quantify longer range stability.

Multi‑tracks

The multi-track specimens utilized a significantly reduced 
range of P and v values, with most specimens processed 
at the nominal value, however significant systematic 
variability in dimensions was introduced via the scan 
path geometry. The strongest drivers of track dimension 
changes were the location of the cross section examined. 
This is most easily quantified through the measurement 
plane’s value of X’. For all of the simple multi-track items 
(e.g., all items except B35), as X’ → 0 mm the measure-
ment plane location approaches the leftmost turnaround 
regions in the specimen. As X’ increases from 0, the plane 

moves further from this transient region, and the maximum 
reported value of X’ is located at the scan-vector midpoint, 
equidistant from the two turnarounds (again, with the 
exception of specimen B35). Recall that for the first track 
processed, track n = 1, the laser begins at X’ = 0 mm, and 
moves toward + X’. Track directions alternate thereafter, 
and thus all tracks with odd n are processed toward + X’, 
and tracks with even n toward − X’. At the vector mid-
point, the time elapsed since the beam was most recently 
at the same X’ value on the preceding track is equivalent 
for both odd and even tracks. However, as X’ → 0 mm, 
this symmetry is broken, with odd tracks having a lower 
time since the previous pass, and even tracks taking on a 
larger value.

Taking the condition for B27 with vector length of 
10 mm, processing velocity 1230 mm/s and the estimated 
turn delay time of 0.5 ms, the time between passes for odd 
tracks varies from a minimum of 0.66 ms at X’ = 0.1 mm, 
up to 8.63 ms at X’ = 5.0 mm. For even tracks this time 
is 25 times larger (16.60 ms) at X’ = 0.1 mm, but again 
is equivalent to the odd timing at X’ = 5.0 mm. Taking a 
typical thermal diffusion coefficient for IN625 and com-
puting a diffusion distance over these time-between-pass 
ranges, at X’ = 0.1 mm the odd tracks have a distance of 
only 103 μm, approximately one hatch spacing, whereas 
the even tracks correspond to 514 μm. At the mid-plane, 
the diffusion lengths are equivalent at 371 μm. This analy-
sis suggests that near the turnaround region there will be a 

Fig. 9   Average track dimen-
sions for all of the simple 
multi-track specimens separated 
by even and odd track type plot-
ted as a function of X’. Solid 
symbols indicate the mean of 
all observations for a condi-
tion, and error bars denote ± 1 
standard deviation
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considerable difference in the degree to which previously 
deposited energy will influence the temperature distribution, 
and furthermore that the odd tracks are likely to be strongly 
affected, which has been previously reported [26, 27].

Fig. 9 shows the measured track dimensions for all of the 
simple multi-track objects, where the values have been split 
by Specimen ID as well as odd or even nature. The averaging 
process is as described in the Methods section wherein the 
first and last three tracks are not considered. One initial basic 
observation is that, as expected, values of Wu approaches the 
hatch spacing at the specimen midpoint, albeit with non-
trivial fluctuations. Finally, typically values of Dtot generally 
approach approximately three times the nominal layer height 
at the specimen midpoint.

We first note that at measurement positions 
X’ = 0.100 mm and 0.250 mm there is marked asymmetry 
in behavior between even and odd tracks, with odd tracks 
generally being much larger in all measured quantities. As 
X’ increases toward the vector centerline, all measures of 
track dimension within a specimen ID tend to converge, with 
most of the change occurring in the first 1.5 mm. Also, the 
impact of position on the odd track dimension is stronger 
than that for the corresponding even track. This behavior is 
generally consistent with the preceding preheat argument; 
odd tracks experience considerably more preheating near the 
turnaround region, but the asymmetry between even and odd 
tracks decreases at the vector midpoint. For a fixed energy 
input, increased preheat will result in an overall larger track, 
which is consistent with increases in Wd, Wu, Dtot. Note that 
our definition of overlap depth Dr with the previously depos-
ited track, so larger odd tracks would generally drive down 
the value Dr tabulated for even tracks, fully consistent with 
the behavior in Fig. 9d.

Qualitative examination of the raw data, both top-down 
and cross-sectional images, reveals that multi-track items 
exhibited an extensive molten region in the turnaround 
region compared to the specimen midpoint, suggesting 
that material at the termination of track n was still molten 
when scanning track n + 1 was initiated. In some cases, 
track n + 1 completely overlapped track n. Several of the 
challenge participants indicated that their models suggested 
this would be the case, and indeed a forthcoming analysis 
using an AFRL developed process model [26] also indicates 
that liquid melted by track n is still present when the laser 
begins processing track n + 1. The particular magnitude of 
the turning delay associated with the skywriting process was 
neither carefully measured nor controlled in these experi-
ments, but this parameter could strongly influence the degree 
of preheat present at the initiation of track n + 1. Since such 
transient regions can be prone to several defect formation 
mechanisms, understanding and controlling the details of 
the turnaround procedure is highly desirable.

While the strongest driver of track dimension is posi-
tion and direction of the scan vector, processing parameters 
also exhibit effects on the measured track dimensions in the 
multi-track items. Specimens B31 and B34 use the same 
P, v, and overall multi-track geometry as the nominal item 
B27. However, B31 employs a hatch spacing that is 25% 
narrower, whereas in B34 the vectors are 25% further apart 
compared to the nominal. The track dimensions from this 
subset of multi-track items are shown in Fig. 10. At a given 
measurement position X’, specimen B31 generally exhibited 
the lowest values of both Wu and Dr, consistent with a rela-
tively narrow hatch spacing leading to enhanced track over-
lap, both in the Y’ and Z’ directions. Notably, specimen B34 
has very high values of Dr indicating poor penetration of the 
melt overlap between adjacent tracks. In fact, both the top-
down BSE images and the cross-sectional images frequently 
show gaps between the tracks as shown in Fig. 11; this is 
not particularly surprising as the hatch spacing employed 
was slightly larger than the typical mean track width for the 
corresponding single-track conditions.

Item B38 applied the nominal hatch spacing, but 
employed a linear energy density P/v that was 25% above 
the nominal condition, primarily due to a decreased scan 
velocity. Fig. 12 shows the dimensions of item and B38 at 
LED = 0.304 J mm−1 compared to item B27 which was pro-
cessed at the nominal value of LED = 0.244 J mm−1, both 
measured at the multi-track centerline. These two items also 
have slightly different vector lengths with B27 = 10 mm, and 
B35 = 15 mm, but the change in LED is expected to be the 
primary driver for differences observed near the track cen-
terline. The width Wd showed noticeably larger values for 
B38 with the increased LED, though Dtot and Dr were simi-
lar across the change in conditions. As with single tracks, 
increasing LED drove an increase in molten width. Interest-
ingly, even at the track centerline, asymmetries are apparent 
between even and odd tracks for Wu and especially in Dr.

Another interesting and generally unexpected finding 
was the presence of several keyhole features in a subset 
of the multi-track items. These were only observed in the 
X’ = 100 μm sections, and specifically only for the final track 
in the multi-track sequence. They manifest as an irregularly 
deep final track, in some cases with visible trapped porosity, 
and are also apparent as a deep fissure in the corresponding 
top-down BSE image. Of the 5 simple multi-track items, 1 
exhibited a completely nominal final track, 2 exhibited a 
clear top-surface depression, and the remaining two showed 
extensive keyhole features with trapped porosity. Significant 
remelting occurs near this turnaround region, and in princi-
ple, this could lead to refilling of a keyhole feature developed 
on the end of a previously molten track. However, none of 
the tracks which were subsequently covered by remelted 
material exhibited evidence of primary melting nearly as 
deep as the final track keyhole features, suggesting that the 
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keyhole behavior was indeed isolated to the final track only. 
As the last 3 tracks in each deposit were not considered for 
the challenge questions, these features have no bearing on 
the average values in the validation key, but clearly sug-
gest that a different and unexpected processing procedure 
was unintentionally employed at the termination of the final 
vector, perhaps a reduction in velocity or even an extended 
delay with a stationary beam (Fig. 13).

Vertical Walls

Fig. 14 shows the measured cross-sectional areas for all 
5 vertical walls as a function of position along the wall. 
Recall that the scan direction proceeds in + X’ direction in 
each of 10 successive layers. There is a clear transient in at 
the beginning of the wall where X’ ≲ 500 µm evidenced by 
increased height at the beginning of the tracks also visible in 
Fig. 3a and b. This height transient is significantly taller than 
a single-layer thickness. This build was fabricated with a 
compliant recoater which did not appear to damage the wall 
in this region, at least for the limited number of layers used 

Fig. 10   Observed average track dimensions for selected multi-track items as a function of hatch spacing split for even and odd tracks at the sec-
tion X’ = 5000 µm. Solid symbols indicate the mean of all observations for a condition, and error bars denote ± 1 standard deviation

Fig. 11   Selected region of the top surface of B34. Gaps between the 
tracks are apparent, and the underlying substrate surface is visible
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for these walls. With only 10 layers, it is unclear if this build-
up eventually approaches a sustainable steady-state value or 
if it would grow uncontrollably and cause more significant 
problems. We note that this startup transient is exacerbated 
by the fact that the scan vector started in the same loca-
tion on the wall every layer, which is not a common scan 
path design feature, and also that such transients have been 
observed in directed energy deposition AM processes [28]. 
Fig. 14 also shows a local decrease in area for specimen B25 
near X’ = 2500 µm. Closer inspection of individual section 
images in this region indicates a through-thickness hole near 
the wall-substrate interface. This feature was only observed 
for B25, which was also the lowest LED setting used. Finally 
note that though there is some noise, in general B24 exhibits 
the largest cross-sectional area at any given X’, B25 exhib-
its the lowest value, and B21, B22, and B23 cluster in the 
middle.

This trend with LED can be seen more clearly in Fig. 15 
which shows the averages of the area and heights within 
the middle region (500 µm ≤ X’ ≤ 4500 µm) for all 5 walls. 

Fig. 15a indicates that cross-sectional area increases with 
increasing LED, whereas Fig. 15b shows that wall height 
is not statistically significantly different across the range of 
LED investigated. This implies that increasing LED drives 
increases in the average wall width which mimics the trends 
observed for single tracks described in Table 1 and Fig. 8. 
These trends carryover to single-track multilayer deposits. 
In fact, considering the average areas and heights in Table 5 
and Fig. 15, the effective average widths range from 91 µm 
to 134 µm, closely matching the range of single-track widths 
reported in Table 1 built over the same LED span.

Conclusions

Several key findings are enumerated below. These find-
ings indicate that the experimental approaches described 
above achieved the original primary objectives, but also 
highlight areas of improvement for future LPBF validation 
experiments:

Fig. 12   Observed average track dimensions for selected multi-track 
items as a function of LED for even and odd tracks at the multi-
track centerline (X’ = 5000  µm for B27 with LED = 0.244  J/mm, 

and X’ = 7500  µm for B38 with LED = 0.304  J/mm). Solid symbols 
indicate the mean of all observations for a condition, and error bars 
denote ± 1 standard deviation
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1.	 Basic metallographic preparation procedures along with 
carefully designed fiducial marking strategies were suffi-
cient to characterize the geometry of the molten regions 
for both quasi-steady and more importantly transient 
regions of single and multi-track deposits with positional 
uncertainty on the order of 10 µm or less. Additional 
fiducial marking on the top of substrate pads directly 
using the AM system’s laser would allow for objective 
alignment and reduce sectioning plane uncertainty.

2.	 Track geometry in both single- and multi-track configu-
rations indicate that these experiments were operated 
largely in conduction mode, though with some notable 
keyhole mode observations in transient regions.

3.	 There was good agreement between top-down and cross-
sectional measurements of the maximum width of single 
tracks, and links between various measures of width and 
depth were observed for single-track deposits over the 
range of P and v studied

4.	 Transferability of single-track single-layer geometry to 
both multi-track single-layer, and single-track-multilayer 
conditions were observed for locations where the track 
shape is expected to be in quasi-steady state.

5.	 The range of process parameter variation, multi-track 
geometry configurations, and section plane locations 
was sufficient to capture transient track geometry, though 
these are certainly not exhaustive given the breadth of 
LPBF scan path generation schemes and complex geom-
etries

6.	 Systematic transient track geometries were observed 
in regions where the beam trajectory was not steady, 
including multi-track turnarounds and single-track vec-
tor start and stop points. In multi-track configurations, 
these transients were consistent with preheat argu-
ments, but such arguments cannot explain the transients 
observed in single-track deposits; other work indicates 
that both fluid flow and laser–material interaction are 
important driving forces in these regions [29] and also 
contribute to variation in the multi-track configuration.

7.	 Several aspects of machine behavior that were held con-
stant but not directly measured in this campaign could 
still be significant and it is desirable to directly quantify 
these in future validation experiments. Some examples 
include the overall build-preheat temperature, the laser 
spot size, and energy intensity distribution more gener-
ally, as well as the details of the timing of the energy 
source motion (e.g., skywriting delays). Unexpected 
end-of-track keyhole behavior and in some cases key-
hole porosity on the final vector of the multi-track items 
is suggestive of a deviation between the planned and 
actual behaviors, though this did not impact the valida-
tion measurements.

Fig. 13   Images showing top-surface depressions or keyhole pores 
on the end of the final vector of several multi-track conditions in the 
X’ = 100  μm sections for a B26, b B27, c B31, d B35, and e B38. 
Image fields of view are all 400 µm wide
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