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Abstract

Additive manufacturing (AM) of alloys creates segregated microstructures with significant differences from those of tra-
ditional wrought alloys. Understanding how the local build conditions generate specific microstructures is essential for
developing post-build heat treatments with the goal of producing parts with reliable and predictable properties. This research
examines the position- and orientation-dependent microstructures within IN625 Additive Manufacturing Benchmark Test
specimens, including three-dimensional AM builds and individual laser traces on bare metal plates. Detailed characteriza-
tions of the solidification microstructures, compositional heterogeneities, grain structures and orientations, and melt pool

geometries are described.
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Introduction and Background

The extreme conditions that occur during a typical laser
powder-bed fusion (LPBF) additive manufacturing (AM)
build process (e.g., cooling rates on the order of 10°~10° K/s
and repeated heating/cooling cycles) can create components
that exhibit high residual stresses, extreme compositional
gradients, heterogeneous microstructures, and unexpected
phases [1, 2]. As such, the degree of compositional hetero-
geneity in the as-built condition becomes highly depend-
ent upon the local solidification conditions, which in turn,
are strongly influenced by the size and shape of the melt
pools created by the fundamental process parameters (scan
speed, hatch spacing, scan path, laser power density, etc.)
[3]. While the process parameters in LPBF have been the
subject of recent research [4, 5], how those process param-
eters actually alter the as-built microstructure is not as well
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characterized. This connection is important since the prop-
erties of any given alloy are determined by the microstruc-
ture which is highly dependent on the processing conditions
[6-9]. Consequently, information that can be gained about
the microstructure evolution, either through direct measure-
ment or by validated numerical prediction, will better define
the performance and/or reliability of an AM component in
service [10].

Considering that direct measurement of all of the poten-
tial microstructural influences is impractical and expensive,
the challenge becomes: can the AM community develop
a set of accurate, validated numerical models that will be
used consistently to predict the microstructure and/or per-
formance of AM components? The National Institute of
Standards and Technology (NIST) responded to this chal-
lenge by founding the Additive Manufacturing Benchmark
Test Series (AM-Bench), with a goal of providing rigorous
measurement data that modelers around the world can use
to validate their AM models and codes. The first round of
benchmark measurements for LPBF of metals have been
completed (AM-Bench 2018) [3, 11-15], examining the
relationships between process parameters, the local melt
pool geometry and cooling rate, and the microstructure and
phases within both individual laser melt tracks and solid
parts. The single laser melt tracks were made using a com-
bination of different laser power and speed settings on bare
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Fig.1 Schematic drawings showing the artifacts used for the AM
Benchmark tests. The arrangement of the artifacts on the build plate
are shown in a, and the details of the thick and thin sections are
shown in b

wrought plates of Inconel 625 (IN625), a nickel-based super-
alloy. Extensive in situ monitoring and post-build characteri-
zation of these melt tracks were carried out [3, 11]. For the
three-dimensional (3D) AM builds, a simple part geometry
(see Fig. 1) was additively built using LPBF with two well-
characterized alloys: IN625 a nickel-based superalloy and
SS15-5, a chromium—nickel-based, precipitation-hardenable
martensitic stainless steel. The feedstock material of both
alloys was extensively characterized including assessments
of the powder composition, the powder size distribution, the
powder production and conditioning methods, the atomiza-
tion gas (e.g., nitrogen or argon), and the oxygen level during
the build. Details pertaining to the powder composition and
powder size distribution function can be found here: https://
www.nist.gov/ambench/amb2018-01-description. Each build
was highly controlled and accompanied by extensive in situ
process monitoring [15].

The benchmark datasets for the 3D builds include detailed
descriptions of the powder composition, powder size distri-
bution, layer thickness, laser power, laser wavelength, laser
power distribution at sample position, laser scan speed, and
scan pattern with sub-millisecond-level timing (www.nist.
gov/ambench/amb2018-01-description). Detailed in situ
measurements of melt pool length and cooling rate were con-
ducted for every layer through the highlighted region shown
in Fig. 1a [15]. Thorough evaluations of the residual stresses
[13], part distortion [13], and phases of the solidification

microstructure [12] were also included in each dataset [16].
Additional information about the scope of the benchmark
tests can be found in the leadoff paper in this special issue
[14] and on the AM-Bench website [17].

This paper presents results from the microstructure char-
acterizations of the IN625 AM-Bench artifacts—specifically,
the assessments of the melt pool geometries, microsegre-
gation, and the solidification microstructure within the 3D
builds and the individual melt tracks. Microstructure charac-
terization of the 15-5 specimens will be reported separately.

IN625 was chosen because it is a well characterized,
solid-solution strengthened, nickel-based superalloy that
is commonly used for AM applications, largely due to the
range of desirable properties (e.g., weldability, creep resist-
ance, and corrosion resistance) [18]. The literature indicates
that the pronounced segregation of solute elements during
solidification increases the likelihood of precipitation of
various secondary intermetallic phases such as &-phase (DO,
Ni;Nb), v", Laves phases, and carbides that could influence
the properties during service [19-26]. As such, IN625 is an
ideal alloy system to examine the relationship between AM
process parameters and the solidification microstructure.

It is important to note that the intent of this paper is to
describe the measurement methods and measurement results
of this microstructure characterization work. Detailed analy-
ses and correlation with the other AM-Bench measurements
will be published separately.

Materials, Methods, and Dataset Description
Coordinate System

In characterizing the microstructures of additively manufac-
tured parts, different coordinate systems and sample direc-
tions may be relevant to the resulting microstructure, includ-
ing the build plate coordinate system, the coordinate system
of the specimen, the laser scan pattern, and the recoater
blade direction. Here, all specimen orientations, including
those for crystallographic texture analysis, will be described
using the build plate coordinate system shown in Fig. 1. This
coordinate system conforms to ISO/ASTM52921-13. The
recoater blade motion is in the negative X direction as shown
in Fig. 1b. The laser scan directions alternate between the
X-axis for odd-numbered build layers and the Y-axis for
even-numbered layers. Additional information on the scan
strategy is given in [15].

Sample Identification

A schematic of the build plate used to make the benchmark
artifacts is shown in Fig. la. Four identical artifacts were
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Fig.2 Scanning electron micrographs showing the as-built micro-
structures of the benchmark artifacts. The thick and thin longitudinal
sections (L4-thick-long, L5-thin-long) are shown in a and b, respec-

fabricated on each build plate and each was 75 mm long,
12 mm high, and 5 mm wide. The artifacts were spaced at
20 mm intervals along the Y-axis and were offset by 0.5 mm
along the X-axis in order for the recoater blade to progres-
sively engage each artifact. Parts were fabricated in the order
they are labeled (i.e., Part 1 first, Part 4 last).

As shown in Fig. 1b, each specimen contains twelve
‘legs,” where each leg is 7 mm in height including a 45°
overhang below a solid bridge structure. Microstruc-
ture studies were conducted on ‘thick’ (5 mm nominal
thickness) and ‘thin’ (0.5 mm nominal thickness) legs of
the as-built specimens to evaluate the sensitivity of the
microstructure evolution to the local geometry and specific
solidification conditions in the build. Scanning electron
microscopy (SEM) specimens were cut along the trans-
verse (the y—z plane) and the longitudinal (the X-Y plane,
or perpendicular to the base plate) orientations using wire
electro-discharge machining (EDM).

Each specimen in this analysis had a unique identifier,
which included the alloy designation, the LPBF machine
used, the build plate number, part number, leg number,
and sample orientation with respect to the build direction

@ Springer

tively, and the thick and thin transverse sections (L7-thick-trans,
L8-thin-trans) are shown in ¢ and d, respectively, (aqua regia etch)

(i.e., longitudinal or transverse). The complete designa-
tions for the individual samples were as follows: 625_
CBM_B2_P1_L4 longitudinal (hereafter referred to as
L4-thick-long), 625-CBM_B2_P1_LS5 longitudinal (here-
after referred to as L5-thin-long), 625_CBM_B2_P1_L7
transverse (hereafter referred to as L7-thick-trans), and
625-CBM-B2_P1_L8 transverse (hereafter referred to as
L8-thin-trans).

Melt Pool Characterization of 3D Builds

Specimens from each of the four legs were mounted in
epoxy and polished according to standard metallographic
procedure [27]. The melt pool structure was revealed by
etching the specimens with aqua regia for approximately
30 s. The microstructures were examined in the SEM using
both secondary electron (SEI) and backscattered (BSE)
imaging techniques. A typical set of parameters used for the
SEI analyses was a 5 keV accelerating voltage, a 1 nA probe
current, and a 10 mm working distance. The depth of the
electron interaction volume produced with 5 keV was small
enough to limit the imaging to the near-surface structure,
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Fig.3 EDS maps showing the composition variations produced by the local cooling conditions in the thick longitudinal section of the bench-

mark artifact (L4-thick-long)

which when combined with the 10 mm working distance,
produced sufficient image contrast to clearly distinguish the
macro-scale of the melt pool boundaries.

Examples of the etched as-built microstructures are pre-
sented in Fig. 2. Note that the axes shown in these figures
indicate the orientation of the polished face with respect
to the build plate coordinates. Figure 2a, b shows the melt
pool structure for L4-thick-long and L5-thin-long, respec-
tively. Similarly, Fig. 2¢, d shows the melt pool structure for
L7-thick-trans and L8-thin-trans, respectively. High-resolu-
tion images from the melt pool characterization are available
in the AM Bench data archive: https://www.nist.gov/amben
ch/chal-amb2018-01-mspfpfrs. The strong spatial variation
in the primary arm spacing visible in these images is indica-
tive of significant local variation in the cooling conditions
and could serve as a useful target for model validation.

Microsegregation Analysis of 3D Builds

The etched samples were re-polished and prepared for com-
positional analysis with vibratory polishing in a colloidal
SiC suspension for a minimum of 8 h. This step removed
any remaining deformation that could have been introduced
during the mechanical polishing and produced a strain-free
surface that was suitable for high-resolution analyses of the
microsegregation in the SEM. The degree of elemental seg-
regation in each of the four specimens was assessed with
X-ray energy dispersion spectroscopy (EDS). The imaging
parameters for these analyses (i.e., 15 keV accelerating volt-
age, 0.5 nA probe current, and 10 mm working distance)
produced a deadtime on the order of 10%. Previous analyses
revealed that the composition varies over length scales of
10 s of nm [24, 28, 29]. At these length scales, quantita-
tive EDS analyses do not yield accurate results due to the
electron beam interaction volume greatly exceeding the fea-
ture size. For this reason, the EDS analyses performed on
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Fig.4 EDS maps showing the composition variations produced by the local cooling conditions in the thin longitudinal section of the benchmark

artifact (L5-thin-long)

the benchmark artifacts could only be used for a qualitative
comparison.

The results from the EDS analyses on the four as-built
specimens are presented in Figs. 3 through 6. The orienta-
tions of the four specimens are identical to those shown in
Fig. 2. Since microsegregation in IN625 promotes the pre-
cipitation of Nb-rich intermetallic secondary phases (e.g.,
O-phase, and y”’) during post-build annealing, the maps
presented in these figures have been limited to the set of
elements most likely to promote those phases, namely Nb,
Mo, Cr, and Ni. In the as-built condition examined here, no
secondary phases were detected using either SEM or syn-
chrotron X-ray powder diffraction [12].

Figures 3 and 4 are EDS maps of L4-thick-long and
L5-thin-long, respectively. In situ cooling rate measure-
ments during the builds showed that the thick legs exhib-
ited a slower cooling rate overall than the thin legs, with
larger variations between even and odd build layers [15].
Similarly, Figs. 5 and 6 are EDS maps of L7-thick-trans and

@ Springer

L8-thin-trans, respectively. Additional EDS elemental maps
are available in the data archive.

Crystal Orientation Analysis of 3D Builds Using
Spatially Resolved Maps

The solidification microstructure in each of the four
specimens was also examined using electron backscat-
ter diffraction (EBSD). This study focused on the grain
size distribution, orientation, and texture. The imaging
conditions used for the EBSD were similar to those used
for the melt pool and microsegregation analyses, the key
differences being a higher accelerating voltage of 20 keV
was used along with a significantly higher beam current
(approximately 10 nA). A higher current optimized the
signal to resolve the electron backscatter patterns (EBSP)
and minimize the acquisition time. In addition, all of the



Integrating Materials and Manufacturing Innovation (2020) 9:54-69

2.5 pum

Fig.5 EDS maps showing the composition variations produced by the local cooling conditions in the thick transverse section of the benchmark

artifact (L7-thick-trans)

EBSD data were acquired with 1 X 1 binning, an inter-pixel
spacing of 1.4 um, and no pixel averaging. Although the
microstructure generated by the 0°-90° laser scan pattern
was reasonably periodic on the macro-scale, substantial
micro-scale variations were observed depending on the
location. As such, the EBSD maps were acquired system-
atically from a matrix of adjacent sites at a magnification
that captured both the large- and small-scaled variations.
Large-area maps, approximately 1.4 mm X 1.0 mm, were
constructed from the individual maps with image stitch-
ing software. After the large-area maps were assembled,
they were analyzed and plotted using the software package
mtex [30].!

! Certain commercial entities, equipment, or materials may be identi-
fied in this document to describe an experimental procedure or con-
cept adequately. Such identification is not intended to imply recom-
mendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the entities, materials, or
equipment are necessarily the best available for the purpose.

Spatially resolved orientation maps for the four as-built
specimens are presented in Fig. 7 through 10. Figures 7 and
8 are orientation maps in the X, ¥, and Z sample directions
for the two different leg thicknesses in the longitudinal ori-
entation (i.e., the X-Y plane). Similarly, Figs. 9 and 10 are
orientation maps for the two different leg thicknesses in the
transverse orientation (i.e., the Y-Z plane). The sample ori-
entations in the build coordinate system are shown in each
figure. The inverse pole figure (IPF) indicates the crystal ori-
entation at each pixel relative to the build plate sample axes
X, Y, and Z colored according to the IPF key. For example,
red pixels indicating the [001] direction of the crystal is par-
allel to the assigned sample direction, green pixels indicating
the [101] direction of the crystal is parallel to the assigned
sample direction, and blue pixels indicating the [111] direc-
tion of the crystal is parallel to the assigned sample direc-
tion. In these figures, adjacent pixels with a 2° misorienta-
tion angle are delineated by a thin line, and those with an
angle of 10° or higher are delineated by heavier lines. All
samples other than the L5-thin-long used a 3 X3 matrix of
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Fig.6 EDS maps showing the composition variations produced by the local cooling conditions in the thin transverse section of the benchmark

artifact (L8-thin-trans)

scan sites and a region size described above. Due to the sam-
ple shape, the maps shown for the L5-thin-long sample in
Fig. 8 were constructed from a 1 X 8 matrix, which enclosed
a region approximately 0.450 mm X 2.6 mm. Note that these
figures were constructed from raw data, i.e., no post-analysis
filling of unindexed pixels. However, the unindexed pixels
were not included in the grain boundary calculations.

Crystal Orientation Analysis of 3D Builds Using Pole
Figures

While inspection of the spatially resolved data can give
some indication if there are preferred grain orientations or
crystallographic texture in the microstructure, an alternative
representation is a series of pole figures. A material is con-
sidered to have a random (or uniform) texture if the crystal
orientations in a given sample are distributed evenly across
a pole figure. It is important to note that pole figures do not
explicitly indicate the complete orientations of the crystals

@ Springer

in a polycrystalline sample; they only indicate the orienta-
tions of selected crystalline planes [31].

Groupings of particular orientations on a pole figure
can indicate texture, and some orientations have shorthand
names such as ‘cube,” ‘Goss,” ‘shear,” etc., that are widely
used in the literature. However, many of these shorthand
names have their origins in rolled sheet products, which have
arolling direction (RD), transverse direction (TD), and nor-
mal direction (ND) sample axes convention. As mentioned
previously, for additive manufacturing products, a variety of
coordinate systems and directions are relevant. Orientations
in this paper are defined with reference to the build plate
coordinate system that follows ISO/ASTM specifications.
Table 1 lists the definitions of the texture shorthand nota-
tions that are used in this paper.

Upper hemisphere pole figures showing the average grain
orientations from the four samples are shown in Fig. 11.
The (100), (110), and (111) pole figures are shown for the
L4-thick-long, L5-thin-long, L7-thick-trans, and L8-thin-
trans samples in Fig. 11a—d, respectively. The sizes of the
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Fig.7 EBSD inverse pole figure maps showing the orientations in the solidification microstructure with respect to the build plate axes of the

thick longitudinal section of the benchmark artifact (L4-thick-long)

‘dots’ shown in Fig. 11a—c are proportional to the square
root of the grain area, such that a larger dot represents a
larger grain with a particular orientation. As shown in
Fig. 10, the average grain size of the L8-thin-trans speci-
men was substantially smaller than the others, which pro-
duced an extremely high density of points in the pole figure.
This type of scaling was impractical for this pole figure, so
Fig. 11d shows a subset of the data to better illustrate the
trends. Since no mechanical processing was performed on
these samples, any texture developed likely occurred dur-
ing solidification as a function of location in the part, scan
strategy and build orientation.

Solidification Microstructure of Individual Laser
Tracks

An additional set of measurements was conducted on indi-
vidual laser scan tracks that were made on the surface of
a bare, IN625 plate, measuring approximately 24 mm by
25 mm, and 3.2 mm thick. The as-received plates were likely
hot-rolled as no evidence of deformation from rolling was

observed in the plate microstructure. No additional heat
treatments were performed, but the plate surface was pol-
ished using standard metallurgical procedures to a moderate
pressure, randomly oriented 320-grit finish. Three different
laser power and speed combinations were used, and multi-
ple replications of each power/speed setting were made for
each combination. In situ measurements of the melt pool
length and the cooling rate of the solidified material were
performed on each trace [11], and the 3D surface topography
of the melt traces was measured using confocal scanning
laser microscopy [3].

The laser tracks were produced using the NIST Additive
Manufacturing Metrology Testbed which is instrumented for
in situ thermographic measurements. The tracks were pro-
duced using three different power/speed combinations: Case
A, 137.9 W and 400 mm/s; Case B, 179.2 W and 800 mm/s;
Case C, 179.2 W and 1200 mm/s. The measured laser power
distribution function was Gaussian with a diameter (given
by D4o, i.e., 4 times the Gaussian standard deviation) of
170 pm, and the full width at half-maximum (FWHM) was
100 pm. The in situ measurement results and a complete
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Fig.8 EBSD inverse pole figure
maps showing the orientations
in the solidification microstruc-
ture with respect to the build
plate axes of the thin longitu-
dinal section of the benchmark
artifact (L5-thin-long)

description of the measurement methods are presented in
Ref. [11].

After topographical characterization in the confocal
microscope [3], the plate with the laser traces was cross-
sectioned and mounted to examine the microstructure in the
autogenous weld zones. A second piece of the plate was
mounted directly adjacent to the region of interest to prevent
rounding of the weld nugget during mechanical polishing.
Even though the two pieces were in contact macroscopically,
small gaps between the two pieces were noticeable, which
were mostly filled with epoxy during the mounting process.
A ‘marker lithography’ process was used to prevent charging
in the SEM by the non-conductive epoxy. Upon completion
of the final polishing step, thin lines were drawn over the
regions of interest with a magic marker to create a mask, and
then the entire sample was sputter-coated with a thin layer
of gold. The sample was then rinsed with alcohol to dissolve
the marker, leaving the gold coating in the epoxy regions.
The solidification microstructure was revealed by etching
the specimen with aqua regia for approximately 30 s. The
cross sections were examined in the SEM using both SEI
and BSE techniques. Upon completion, the etched surface
was carefully removed using a vibratory polisher for EBSD
analysis. Care was used to ensure that minimal material was
removed during this process so that the grain structure vis-
ible in the EBSD maps corresponds to the grain-dependent
solidification microstructure visible on the etched surfaces.

@ Springer
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Figure 12 presents both the etched microstructure and
the series of orientation maps in IPF coloring for the three
power/speed combinations. Each image of the etched solidi-
fication microstructure is a mosaic consisting of multiple
high-resolution images that were taken at specific locations
stepped across the entire area of the autogenous weld zone.
These images clearly demonstrate that the solidification
front in the weld zone initiated epitaxially with the structure
of the parent metal. High-resolution images of the solidi-
fication microstructure can be found on the website: https
://[www.nist.gov/ambench/chal-amb2018-02-dmgs. Since
multiple tracks were made on each specimen, the images on
the website are indexed by the individual laser track number.
That is, track 3 (179.2 W, 1200 m/s) corresponds to Case C,
track 5 (137.9 W, 400 m/s) to Case A, and track 10 (179.2 W,
800 m/s) to Case B.

Crystal Orientation Analysis of Individual Laser
Tracks

The orientation maps shown in Fig. 12 were constructed with
the same parameters used for the maps constructed from the
3D specimens, (i.e., adjacent pixels with a 2° misorienta-
tion angle are delineated by a thin line, and those with an
angle of 10° or higher are delineated by heavier lines), and as
was the case in the analysis of the 3D builds, a full analysis
of the grain distributions, including the Euler angles from
each grid point, is available in the online AM-Bench data:
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Fig.9 EBSD inverse pole figure maps showing the orientations in the solidification microstructure with respect to the build plate axes of the

thick transverse section of the benchmark artifact (L7-thick-trans)

https://www.nist.gov/ambench/chal-amb2018-01-mspfpfrs.
Recalling that the inverse pole figure (IPF) coloring in these
maps indicates the orientation at each pixel according to the
triangle shown, and that the coloring in an IPF map will be
different depending on which crystal direction is parallel to
the sample direction that defines the IPF, orientation maps
with respect to the X, Y, and Z directions are included for
each trace in the figure. Considering that the microstructure
of the substrates consisted entirely of equiaxed grains, and
that the solidification front was primarily epitaxial with the
substrate microstructure, it is not surprising that no apparent
preferred crystal orientation is observable in the weld zones.

Example Analysis and Discussion
of the Dataset

The key factor for the AM-Bench measurements is the
providence of the raw materials, artifact fabrication meth-
ods, sample preparation methods, and the in situ and ex situ
data. The metrology of all the primary factors that affect the

structural integrity of an AM component, e.g., the assess-
ment of the laser parameters, and the in situ layer-by-layer,
time resolved local measurements of melt pool length, and
cooling conditions, created a unique dataset [3, 11]. In addi-
tion, each component in this dataset was designed to maxi-
mize the fidelity between a model-based prediction and the
physical measurement. These data are provided to the AM
community to use as benchmarks in their analysis. Some
analyses by the authors are included below as examples of
what can be explored in this dataset.

EDS Data

The data from the EDS analyses suggest the segregation that
occurred during the build process is similar to that observed
in other studies [23, 25]. The EDS maps in Figs. 3 through
6 and the solidification microstructures shown in Figs. 2
and 12 indicate that the rapid cooling process in LPBF
promotes segregation of Nb and Mo to the inter-dendritic
regions in the IN625. Consequently, the dendrite cores tend
to be enriched in Ni and Cr [22, 25]. As noted earlier, the
size scale of the inter-dendritic regions is smaller than the
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Fig. 10 EBSD inverse pole figure maps showing the orientations in the solidification microstructure with respect to the build plate axes of the

thin transverse section of the benchmark artifact (L8-thin-trans)

Table 1 Crystal orientations

; Shorthand name
and IPF coloring for each

Plane (Z-axis)

Direction (X-axis) X-axis color Y-axis color Z-axis color

sample axis Cube {001}
Shear {001}
Goss {011}
Rotated Goss {011}

<100> Red Red Red
<110 > Green Green Red
<100> Red Green Green
<011 > Green Red Green

EDS sampling volume, making it impossible to obtain a
reliable and quantitative determination of the segregation
distribution function. Also, higher magnification images
of the solidification microstructures shown in Fig. 2 (avail-
able in the AM-Bench 2018 data archive) exhibit the same
grain—grain variations visible in the single laser trace cross
sections in Fig. 12. Thus, the variations in the size scale
of the local cellular structures in the EDS maps are likely
caused by differences in the local cooling conditions, or to
differences in the local microstructure at the point where the
data were acquired. However, the morphology of the seg-
regation acquired in the longitudinal plane is substantially
different from that in the transverse plane. Additional data
showing differences in the segregation between the thick and
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thin legs were obtained using synchrotron X-ray diffraction
measurements [12]. The magnitude of this segregation for
as-built LPBF IN625 produced using a different scan strat-
egy has also been discussed previously [28].

As mentioned above, combining information from the
laser and laser scan parameters, the in situ thermographic
measurements (providing local cooling rate), the large-area
solidification microstructure images, and the segregation
data from the EDS maps, one should be able to validate
detailed model predictions for the local dendrite composi-
tion and morphology. Models of this type are necessary to
develop optimized post-build heat treatments for residual
stress relief, homogenization, recrystallization, precipita-
tion, etc.
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Fig. 11 EBSD upper hemi- (100)
sphere pole figures showing the ) e
average grain orientations from A
the thick and thin longitudinal

sections (a and b, respectively),

and the thick and thin transverse

sections (c and d, respectively)

EBSD Data: Grain Shape

The spatially resolved EBSD maps revealed that both lon-
gitudinal sections (L4-thick-long in Fig. 7 and L5-thin-long
in Fig. 8) exhibit square regions with large grains (approxi-
mately 100 pm X 100 pm) that are delineated by smaller
grains that have elongated aspect ratios parallel to the X and
Y axes. This structure is likely caused by the square raster
pattern of the laser during the build process. Recent AM
work on the single phase CoCrFeMnNi face centered cubic
system suggests that the small grains may mark the centers

of the solidified melt pools, rather than the edges [32], but
additional data are required to make a determination for this
case. The highly elongated grain structure shown in Fig. 9
reflects the large square grains in Fig. 7 seen in cross sec-
tion, demonstrating substantial epitaxial growth in the build
direction (Z axis) as the typical grain lengths of 250-600 pm
are substantially longer than the 20 pm layer thickness of the
3D build. Note that the ‘small’ grains in Fig. 7 with small
Y-axis dimensions also extend long distances along the build
direction, as shown in Fig. 9. In contrast, the extremely fine
grain structure in Fig. 10 likely corresponds to a transverse
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Fig. 12 Etched microstructures and corresponding series of orientation maps in IPF coloring for the cross sections of three single laser tracks
with different power/speed combinations
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slice through the small-grain regions between the large
square grains in Fig. 8 (L5-thin-long). While some of these
grains are extended along the build direction, it is much less
than observed in Fig. 9.

EBSD Data: Crystal Orientation

For an example analysis of the EBSD data, the IPF-Z map
for L4-thick-long (Fig. 7) shows that the crystal orientations
of the larger grains have a preferred orientation with the
crystal [110] axis parallel to the Z-axis (build direction).
This can also be seen in the (110) pole figure maps for this
sample (Fig. 11a) as a concentration of points in the center
(parallel to X-axis) of the plot. However, the IPF Z map
of the transverse L7-thick-trans sample in Fig. 9 does not
show this same concentration of points in the (110) pole
figure (Fig. 11c). Examining the spatially resolved EBSD
data in Fig. 9 along the Z-axis, there appear to be extended
regions where the grains exhibit different dominant crystal
orientations, alternating between bands where the [100] or
the [110] are parallel to the Z-axis (build direction). This
pattern does not seem correlated to the even or odd layer
size, as the orientations are roughly consistent over a par-
ticular grain, which extend approximately 500 um in the Z
axis. Thus, the apparent texture described above for Fig. 10
may not hold throughout the build but may vary or alternate
along the Z axis. The different cross section views provide
complimentary grain shape and orientation data that can
facilitate comparison with grain growth models and be used
to check if the cross section is representative of the whole
microstructure. The measured textures and grain sizes can
provide a valuable test for microstructure evolution models
that attempt to incorporate local cooling rate effects that
result from the laser power, speed, power distribution func-
tion, and scan pattern.

EBSD Data: Crystal Size and Orientation

Qualitative inspection of the IPF maps for L4-thick-long
(Fig. 7) indicates that there may be different textures between
the larger square-shaped grains and the smaller and higher
aspect ratio grains between the larger grains, as evidenced
by the predominance of large grains in the IPF-Z map to be
oriented near the [101] axis (green), and the smaller grains
to be oriented near the [100] axis (red). To investigate this
further, the EBSD data were partitioned into ‘large’ and ‘not
large’ grains, with a threshold of 1500 pm? in grain area.
Pole figures can then be extracted from the partitioned grains
and compared. These data are shown in Fig. 13. Figure 13a
repeats the IPF-Z map shown in Fig. 7. Figure 13b depicts
all the grains that are in the ‘large’ subset. Figure 13c, d

Fig. 13 Subset of inverse pole figure Z map from Fig. 7 showing
grains with areas larger than 1500 um? (Fig. 12b). The correspond-
ing pole figure for the subset with grain areas larger than 1500 um? is
shown in Fig. 12¢, and the subset for the grains with areas less than
1500 um? is shown in Fig. 12d

is the pole figures for the ‘large’ and ‘not large’ subsets,
respectively.

While there is a limited number of grains in these sub-
sets (220 in ‘large’ and 2107 in ‘not large’) some trends
are noticeable. The ‘not large’ grains are closer to a cube
texture, with a clear clustering of grains with [100] axis
parallel to the Z-axis. In contrast, the ‘large’ grains have
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a nearly even distribution of [100] grain axes along the
X-Z axis. However, in both datasets there is a cluster of
grains with a [110] axis close to the Z-axis, indicative of
a different texture such as Goss or rotated Goss. Also, the
clustering or absence of grains of a specific orientation is
rather similar within both datasets. Therefore, the quali-
tative inspection of a different texture is not completely
borne out in additional analysis. This type of analysis can
serve as a check when investigating if there are statistically
significant differences between the two grain sizes.

Summary

A dataset comprising melt pool characterization, micro-
segregation analysis, and crystal orientation has been
summarized for two structural elements (legs) from an
AM Benchmark ‘bridge’ artifact that was additively built
from a nickel-based superalloy (IN625). The elements
were classified by the relative thickness (thick or thin)
and by the orientation with respect to the build axis (lon-
gitudinal or transverse). This enabled an evaluation of
the microstructure for two different local solidification
conditions in orthogonal orientations. The dataset also
includes characterizations of solidification microstructures
within cross sections of single laser traces on an IN625
substrate, obtained using three different laser power and
speed settings.

Individually, these assessments of the melt pool geom-
etries, the microsegregation, and the solidification micro-
structure within the 3D builds and the individual melt tracks
were intended to complement a broader set of rigorous, vali-
dated, additive manufacturing test data designed to provide
modelers with a basis to gauge the accuracy of their numeri-
cal simulations. Each assessment was designed to be com-
plete so that the data can be used for a specific simulation
or in conjunction with a larger model. When viewed collec-
tively, this set of assessments characterizes the complexity
of the microstructures created in an AM build process.
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