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Abstract

We describe 3D characterization of an additively manufactured Inconel 625 nickel-base superalloy specimen conducted
during a uniaxial tension test using a suite of nondestructive x-ray techniques. High-energy diffraction microscopy in both
near- and far-field modalities are employed in situ to track evolution of the material orientation and stress—strain fields at six
points during the mechanical test, and these data streams are registered with micro-computed tomography reconstructions
which probe the material density. This data volume was matched to a multi-modal serial sectioning characterization of the
specimen taken after loading, described in this article’s companion. Twenty-eight grains which were monitored throughout the
experiment were selected to form the basis for AFRL AM Modeling Series Challenge 4, Microscale Structure-to-Properties.

Keywords HEDM - Computed tomography - Microstructure - Materials characterization - Synchrotron

Introduction

The past years have seen significant advancements in the
suite of capabilities available for 3D non-destructive materi-
als characterization, particularly at high-energy synchrotron
X-ray sources, where simultaneous integration of diverse
measurement modalities is the norm [1-5]. The combina-
tion of high-energy diffraction microscopy (HEDM) in both
near-field (nf-HEDM) and far-field (ff-HEDM) modali-
ties, together with micro-computed tomography (u-CT)
conducted concurrently, has proven effective at probing
specimen microstructure at the mesoscale during in situ
experiments. These in situ experiments explore material
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performance under applied thermo-mechanical conditions of
fundamental scientific and commercial interest. In particu-
lar, integration of HEDM methods with in situ mechanical
testing allows the microstructure and mechanical state of a
material to be tracked under prescribed loading conditions,
which in turn provides critical information for the calibra-
tion and validation of materials performance models [6-9].

We harness these capabilities here to characterize a
nickel-base superalloy specimen which is the subject of the
Air Force Research Laboratory (AFRL) Additive Manufac-
turing (AM) Modeling Challenge Series [10, 11], Challenge
4. This challenge, “Microscale Structure-to-Properties,” pro-
vided participants with explicit 3D microstructural infor-
mation and macroscopic mechanical test data, and asked
them to model the micromechanical response of a specimen
during a uniaxial tensile test. Specifically, participants were
asked to predict the evolution of the grain-average elastic
strain tensor for specific grains within the polycrystalline
aggregate at specific loading states.

The material evaluated is additively manufactured Inconel
625 (IN625), a nickel-base superalloy of particular commer-
cial and industrial interest [12]. Specimen diffraction and
tomographic data were collected before, during, and after
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specimen tensile testing in order to measure the crystallo-
graphic orientation, material density, and grain-average elas-
tic strain values within a volume of interest (VOI) at various
times during uniaxial loading. Following these experiments,
the same sample was serially sectioned, allowing for the
final microstructure to be characterized with improved fidel-
ity using optical and electron microscopy. These processes
are described in a companion descriptor [13]. Ultimately,
these data streams are combined and registered through post-
processing into a spatially resolved volume which contains
the full material crystallographic orientation, elastic strain,
phase, and density fields [11, 14]. This volume was used as
the starting microstructure for the micromechanical mode-
ling challenge. Predicted strain tensor values were compared
to the experimental strain tensor values described in the cur-
rent manuscript to assess participant performance. Per the
participation agreements set in place for the challenge, we
are not publishing the results of individual participants, but
rather allowing those participants to individually publish
these results, either in the present special issue or elsewhere.

Continued use of this dataset for purposes of model
development and validation is encouraged. The sample
preparation, data collection, computational resources, and
research labor requirements to produce such volumes are
intensive, and this article is intended to be as much a guide
and introduction to these data as it is a descriptor.

Experimental Methods
Sample Preparation

The AM material for this challenge was printed using com-
mercially available IN625 gas-atomized powder and laser
powder bed fusion with an EOS model M280 system. After
deposition, the printed material was further processed with
a stress relief heat treatment, followed by hot isostatic
pressing and an additional annealing heat treatment. This
additional processing optimized the as-built microstruc-
ture for measurement and tracking by the characterization
modes described. The material processing parameters used
for printing, hot isostatic pressing, and heat treatment are
proprietary and intentionally undisclosed. A block of mate-
rial, approximately 5 535 mm? in size, was shaped into
a tensile sample geometry using wire electrical discharge
machining. The approximate dimensions of the sample
gauge volume are 0.5 mm x 0.5 mm x 1.0 mm®-a schematic
of the prepared tensile test sample is depicted in Fig. 1b.
To assist with dataset post-processing and registration,
as well as alignment throughout the in situ experiment,
gold fiducial markers were affixed to the sample surface as
described in Shade et al. [15]. These markers provide a con-
trasting x-ray absorption signature when compared to the

specimen material and are clearly identifiable using each
imaging mode considered. A secondary electron SEM image
of the sample surface with the three fiducial cubes affixed is
shown in Fig. 1c, with the HEDM scanned VOI (discussed
in Sect. Dataset reduction and analysis) highlighted by the
shaded regions. Additional FIB-deposited platinum lines
are visible in the figure, these were added after the in situ
experiment and prior to the serial sectioning as described in
Chapman et al. [13].

Characterization Modes

Characterization techniques utilized include nf-HEDM, ff-
HEDM, digital image correlation, and phase- and absorp-
tion-contrast u-CT. The x-ray techniques each used a mono-
chromatic beam energy of 71.68 keV, corresponding to the
Re k-shell edge. This beam energy was calibrated by plac-
ing Re foil into the beam-path and tuning the beam energy
to maximize k-shell attenuation. These imaging modalities
were conducted sequentially at each macroscopic load step
using an identical experimental setup. For each modality, an
appropriate detector was deployed and others were shielded
or removed through beamline automation infrastructure. We
discuss each imaging modality below.

HEDM

Both near- and far-field HEDM techniques utilize high-
energy monochromatic x-rays to penetrate macroscopic
sample volumes. A VOI is continuously illuminated by the
x-ray beam while the specimen rotates about a fixed axis
[16-18]. As crystallites satisfy the Bragg condition, they dif-
fract and projections of grain shapes are collected on high-
resolution area detectors located either a few mm from the
sample rotation axis (as in nf-HEDM) or 21000 mm from
the rotation axis (as in ff-HEDM). At close detector dis-
tances, the physical location of the diffracting volume is con-
volved with its orientation, which allows for computational
recovery of the orientation and the volume’s shape through
forward modeling [19, 20]. As the distance between sample
and detector grows larger (as in the far-field case), the shape
of the diffracting volume is not recoverable, but identifying
statistical deviations of a diffracted beam from its theoretical
Debye—Scherrer position allows for computation of grain
center-of-mass and grain-average elastic strain tensors [16,
21, 22]. With knowledge of the single crystal elastic moduli,
stress tensors may be calculated from elastic strain tensors
using Hooke’s law.

nf-HEDM Refractive sawtooth lenses [23] were placed

into the beam path to focus it into a ribbon (planar) beam
approximately 0.002 mm high x 1.2 mm wide. The hori-
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Fig. 1 Summary of the experiment conducted. In a, the RAMS3 rota-
tion and axial motion system used to load and articulate the sample
in the beampath. Schematically, the beam enters into the page at the
origin of the blue rays and interacts with the sample volume held
within the grips. A detector, depicted at right, records radiographic
images emanating from the illuminated specimen. In b, a schematic
of the IN625 specimen geometry, with the gauge volume of inter-
est (VOI) highlighted by the red box. enlarges the measured volume
of interest, depicting a scanning electron microscopy image of the
sample surface to which the fiducial cubes and platinum tracks are

zontal dimension is defined by the width of adjustable
slits which truncate the beam.

During near-field data collection, diffracted beams were
collected on a high-resolution QImaging Retiga DC4000
CCD camera coupled to a LuAG:Ce optical scintillating
screen. Objective lenses in the detector—scintillator sys-
tem provide an effective pixel pitch of 1.48 um on the
2048 x 2048 pixel CCD chip. The sample was rotated
through a total angular range of 180°, and diffraction pat-
terns were collected after every 0.25° rotation interval.
Image exposure times were optimized prior to scanning
to maximize the collected signal while avoiding detector
saturation. In the near-field mode, diffraction patterns are
collected at two or more sample-to-detector distances in
order to resolve the origin of diffracted rays. These dis-
tances were found through optimization of the forward
model to be approximately 5.8 and 7.8 mm. After meas-
urement at each of these distances, the specimen is verti-
cally translated through the beam-path and a new region
may be scanned.
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affixed. Shaded regions represent the scanned ff-HEDM subvolumes
which were stitched together to form one data volume representing
the microstructure in the VOI. The yellow-dashed line in ¢ marks the
center cross section of the VOI; snapshots of the microstructure at
this location are pictured in d reconstructed using the nf-HEDM (left)
and serially sectioned EBSD (right) measurements. The entire VOI
is depicted in e at bottom and rendered from the EBSD data volume.
The center fiducial gold cube is rendered black in the image fore-
ground. At top, the 28 grains selected to form the basis for the Chal-
lenge 4 are highlighted within the volume

ff-HEDM The ff-HEDM diffraction patterns were collected
on a four-panel array of GE Revolution 41RT detectors
[24] located at a sample-to-detector distance of approxi-
mately 1900 mm. This configuration improves localiza-
tion of the diffracted beams on the detector while increas-
ing the measurement strain resolution compared to a one
panel detector at roughly half the distance. The pixel pitch
of the detectors is 200 pm.

During each scan, the specimen was rotated 360°
about the loading axis, with diffraction patterns col-
lected at 0.25° intervals. Scans were conducted using the
0.002 mm X 1.2 mm planar beam described above in sect.
nf-HEDM, but another mode was also utilized in which
the lenses were removed and a 0.0285 mm X 1.2 mm box
beam was defined entirely with the adjustable slits. Similar
to the nf-HEDM collection scheme, after each scan the
sample was translated to illuminate a new region.
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u-CT

Micro-computed tomography (u-CT) was performed to
map the specimen’s material density field prior to load.
Using the experimental geometry above in sect. HEDM,
the sample was illuminated with a parallel x-ray beam
while rotating 360° about its tensile axis. Exposures were
collected on a CCD detector coupled to an optical scin-
tillating screen. Analysis of the set of collected images
provides a relative measure of the material density field in
the illuminated VOI. Parallel x-rays passing through the
sample are attenuated according to a path integral which
varies by local material density. Rotating the sample and
recording intensity variations for each ray generates a
system of equations whose solution is proportional to the
material density field.

The beam was prepared by removing the sawtooth
lenses and defining the beam shape to be a comparatively
tall box of dimensions 2 mm high X 1.2 mm wide. This
box was centered at the middle of the specimen gauge
region, after which motorized translation stages facili-
tated the capture of white and dark field normalization
images. Radiographs were captured every 0.25° over a
360° interval.

Distinct tomography detector configurations were utilized
to collect images in both phase- and absorption-contrast
modes. Absorption-contrast mode images were collected
on the near-field detector at a sample-to-detector distance
of 10 mm. Phase-contrast mode images were collected on a
separate 2048 X 2048 pixel imaging detector based on a Point
Grey Grasshopper3 CMOS camera. A coupled objective lens
and scintillator provide an effective pixel pitch of 1.172 um.
This detector was placed 300 mm from the specimen. Auto-
mation of these detector stages facilitated the collection of
these data without disturbance of the experimental setup.

Fig.2 Specimen loading sched-

Digital Image Correlation

The sample surface was imaged at each loading step using
an Allied Vision Prosilica GX2750 camera, which pro-
vided 2750 % 2200 pixel images at a pixel size of 4.54 um.
A 6-12 X objective zoom lens and a 1.5 X lens attachment
were also employed to capture the material region of interest
within the field of view. These images were used for two-
point digital image correlation to calculate the macroscopic
strain values shown in Fig. 2.

Experimental Overview

Sample tensile testing and x-ray characterization occurred
during June 2018 at Argonne National Laboratory’s
Advanced Photon Source, in experimental station E of Sec-
tor 1-ID. The experimental setup utilized the RAMS3 load
frame, a third generation rotational and axial motion system
that facilitates in situ material characterization. Depicted in
a 3D computer-aided design (CAD) model in Fig. 1a, the
RAMS3 precisely holds, translates, and rotates a test speci-
men within the x-ray beam during a concurrent mechanical
test [25]. These motions do not affect the mechanical loading
state of the sample.

Prior to mechanical loading, the specimen was mounted
in customized grips which mate to the RAMS3 load frame.
During sample mounting, negligible but finite forces are
exerted on the microstructure. As the physical arrangement
of the sample vis-a-vis the beam is the same for each of the
x-ray characterization schemes described, once the sample
was gripped, it was not disturbed from the load frame for the
duration of the experiment.

To assist in specimen alignment and dataset registration,
the gold fiducials on the sample surface were located in the
x-ray beam by noting the differing absorption profile in the

AM IN625 specimen C7
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beam intensity. A raw radiograph depicting the absorption
profile of the sample is shown in Fig. 3a. Before each x-ray
measurement, the center of the gauge region was identified
by first recording the position of the direct line-focused
beam profile on the Retiga detector. The focusing lenses are
then removed to illuminate a wide sample volume, and the
pixel position corresponding to the top surface of the middle
gold fiducial was noted. The top surface position was then
translated to the position identified with the center of the
line-focused beam.

Prior to sample loading, u-CT was performed in order to
recover the initial material density field. Figure 3b illustrates
a side-on view of this reconstructed y-CT scan in which the
highly x-ray absorbing gold is colored brightly against the
more x-ray transparent IN625 specimen.

Data volumes were also collected in both near- and far-
field modalities at zero applied load. A total of 19 subvol-
umes were scanned in the far-field mode, shown by the
shaded regions in Fig. lc. After each ~ 30 um-high volume
was scanned, the sample was translated along the loading
axis to illuminate a new volume. In total, this corresponded
to a physical region of ~ 540 um along the specimen tensile
axis. Fifteen planar scans at the vertical center of the speci-
men gauge region were also conducted in the far-field mode
at a vertical spacing of 2 pm. To assist with the registra-
tion of reconstructed far-field data to the serially sectioned
reconstructions, 15 planar near-field scans were performed
corresponding to those taken in the far-field mode.

Uniaxial tension was applied to the sample under dis-
placement control, at a target strain rate of 1 x 107 s7".
Loading was paused at 6 points, to precisely reperform the
series of box-beam ff-HEDM characterizations described
above. These 6 points are labeled S; on the experimental
stress—strain curve pictured in Fig. 2 and are summarized
by the schedule listed in the right inset. At measurement
points occurring after material yield at around 350 MPa

Fig.3 At left, in a, a radiograph (a)

of the IN625 sample with the

gold fiducial cubes affixed to

the sample surface to facilitate 200
alignment of the same VOI
between scans. At right, b

illustrates the surface of the o 400
specimen, as reconstructed from E
the p-CT scan taken at S, §
o 600
8
)
°

800

1000
400 600
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(54-S6), applied stress was reduced by ~ 50 MPa to avoid
creep during the measurement. As discussed, the gold fidu-
cials attached to the specimen surface facilitated realign-
ment of probed regions between load states. Digital image
correlation data were collected and analyzed throughout
each loading step in order to monitor total macroscopic
strain.

During measurement S6, in addition to the box-beam
scans, planar beam scans were conducted at the gauge
center using near- and far-field HEDM. Fifteen planar
scans, at a vertical spacing of 2 um, were taken in far-field
mode, while the same region was probed using 7 near-field
scans spaced at 4 um. At the conclusion of S6, the speci-
men was unloaded at a nominal strain rate of 1x 107 s™!
until zero load was registered, at which point it was rechar-
acterized, though these additional characterizations were
not ultimately used to inform the Challenge. The S7 char-
acterization consisted of a contiguous series of 25 planar
scans collected in both near- and far-field modes. These
planar measurements were spaced by 2 um along the speci-
men loading axis.

Dataset Reduction and Analysis

Dataset reduction involves computationally reconstructing
the relatively information-sparse diffraction and radiography
images collected into material orientation, stress—strain, and
density fields. The volume of data collected and the com-
plexity of the diffraction problems considered dictate sig-
nificant effort and infrastructure be dedicated to the tasks of
reduction and coregistration. We will discuss first the tools
and algorithms used to computationally reduce the data col-
lected and will subsequently cover the methods used to co-
register the recovered datastreams.

o
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HEDM Data Reduction

Far-field data were processed using the HEXRD software
suite [26] on computer resources located at the beamline.
This software tool uses the algorithm described in Bernier
et al. [22] to computationally deduce grain orientation and
center-of-mass information. Strain tensor values are then co-
optimized with these quantities on a grain-by-grain basis to
match the experimental data collected. Relative strains are
resolved at precisions of approximately 1x 107, while ori-
entation resolution is better than 0.05°. Crystallite centers-
of-mass are determined to within about 50 um for those that
are equiaxed.

Near-field data reduction implementations utilize a com-
pressed image format to increase computational tractability
[27]. This preprocessing compression took place on beam-
line computing resources, and compressed images were
transferred to AFRL Department of Defense Supercom-
puter Resource Center (DSRC) resources for further analy-
sis. There, a computational forward model conducts a vir-
tual experiment mirroring the one performed, and matches
simulated diffracted beams to the compressed experimental
diffraction images [19, 20]. The IceNine software package
[28] was used for nf-HEDM reconstruction, compiled on
the Mustang computing cluster. Each cross-sectional recon-
struction utilized 6 node groups of 48 Intel Xenon Plati-
num computing cores for approximately three hours, a total
expenditure of about 2x10°> CPU hours.

As the origin of the simulated beam is known, spatial
resolution is limited by detector characteristics and x-ray
focusing capabilities. Grain boundaries are located under
ideal measurement conditions to within 2 ym (just larger
than one detector pixel), with orientation resolution better
than 0.05° [29], though experimental time constraints pre-
cluded full expression of the technique for this case. Notably,
some coherent twin structures were not captured, as is clear
from comparison of the center fiducial layers in Fig. 1d.

u-CT Data Reduction

Raw u-CT data were analyzed on a beamline computing
platform using the GridRec algorithm [30, 31]. Results
from this method generate a relative measure of the mate-
rial density. These relative values are saved as images which
record intensity values at a particular cross section through
the material volume. Like, the HEDM reconstructions, u-CT
reconstructions use the sample axis-of-rotation as a natural
origin. Registration is straightforward and is achieved by
scaling image pixels into a real-space coordinate representa-
tion. u-CT has identified non-diffracting features like pores,
voids, second phases, and inclusions within HEDM datasets,
as in [32-34].

Reduced Data Processing Pathway

As a goal of the Challenge is to instantiate grain morphology
into mesoscale modeling efforts that predict stress—strain
response, the data streams described above required inte-
gration with the data volume discussed within this article’s
companion, which employed multi-modal serial section-
ing. Particularly, our intent is to track the evolution of each
grain’s elastic strain tensor and to associate these measure-
ments with the corresponding grains identified by exami-
nation of the serially sectioned data volume (SSDV). To
achieve this, we cross reference grains identified from analy-
sis of the ff-HEDM data with grains identified in the cor-
responding nf-HEDM data. The near-field data, with spatial
resolution at the micron scale, is used as a bridge to identify
corresponding grains in the SSDV. Use of this bridge helps
especially to resolve non-bijective mappings between like
orientations, as can occur when tracking similar orientations
in a small region, as grains split into subgrains, or in highly
twinned regions.

Prior to these steps, the data volumes representing each
of the 19 contiguous ff-HEDM scans taken at each load state
S; required combination. Grains illuminated by the beam
during multiple scans are computationally recovered multi-
ple times, therefore an identification and merging process is
implemented to identify a unique set of grains representing
the specimen microstructure at S;. Searching across these
collections for grains of similar orientation and cross-ref-
erencing these by center-of-mass position or other criteria
provides a robust method for grain tracking between reduced
ff-HEDM data volumes representing each §; state.

Merging of Each Far-Field Scan within a Single Load State

Each of the 19 box-beam scans taken at load states S, char-
acterizes the microstructure within the 0.0285 mm X 1.2 mm
box illuminated by the x-ray beam (see Fig. 1¢). These were
stitched together to form an approximately 540 pm tall
volume by first applying a 2 degree scalar misorientation
threshold between pairs of grain orientations in adjacent
scans. Those grains which also had centers-of-mass within
50 um when projected onto the beam plane were identified
as connected elements. For grains that happened to span
across multiple measurement layers, once the corresponding
grain was identified within the near-field dataset, the elas-
tic strain tensor values from each scan were averaged, with
weights given by that grain’s relative volume in each scan,
as determined by analysis of the near-field maps.

Linking of the Experimental Volumes Across Load States

Data volumes were retained which represented each unique
grain measured within the specimen microstructure at each
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load state, S;. Tracking the experimental evolution of a par-
ticular grain may be achieved by identifying a particular
grain in §; and then reidentifying it in S;, ; through a match-
ing algorithm, as in Merging of each Far-Field Scan within
a Single Load State.

Correlating Near-Field and Far-Field Microstructure Maps

The data volumes representing the reduced far-field data for
each §; were correlated to the microstructural maps recov-
ered from the near-field data, using a matching algorithm
similar to those described above. As the forward model is
conducted without the assumption of grains per se, i.e., each
sample space voxel may be independently optimized for ori-
entation, near-field orientation fields were first segmented
according to a maximum two-degree grain-boundary defini-
tion criterion. Grain orientations were averaged according
to [35], and a simplified list of grain orientation and center
of mass corresponding to the 1000 largest grains (sphere-
equivalent radius 2 19 pm) were retained to check against
the merged S, far-field data volume.

Orientation and elastic strain data contained in the S, vol-
ume were transformed into the coordinate reference frame of
the near-field experiment for dataset registration procedures,
and corresponding pairs of orientations from each dataset
were matched using a two-degree misorientation threshold
criterion. These grain pairs were retained, thus creating a
traversable linkage between the near-field orientation field
reconstructions and the volumes §; containing reduced far-
field grain orientations and elastic strain tensor values. Ulti-
mately, grain orientations and strain tensors were provided in
the far-field experimental frame for the Challenge.

Correlating Near-Field Microstructure Maps with the SSDV

The SSDV was furnished by the collaborator-coauthors of
this article’s companion, [13]. It contains full 3D microstruc-
ture orientation field information from the serially sectioned
measurement at a voxel size of 2 um. Reconstruction of the
SSDV required analysis of multiple microscopy signals,
including electron backscatter diffraction mapping, back-
scatter electron imaging, and optical imaging. The SSDV
may be visualized as a 3D image with each voxel containing
material characterization values of interest. Matching this
data to the near-field orientation maps involved mapping
each voxel in the image to a point in physical space and
comparing the lattice orientation within that voxel to the
orientation given by the near-field map at that physical loca-
tion. In the absence of systematic distortions in either of the
datasets, a single affine transformation would be sufficient
to scale, rotate, and translate the SSDV into alignment with
the near-field maps [28].

@ Springer

Serial sectioning of the sample took place essentially par-
allel to the beam plane implying rotation about the specimen
loading direction (beam plane normal) would align physical
coordinates between the two datasets. This transformation
was determined by comparing the location of the gold fidu-
cials in each. Physical coordinates and orientations in the
SSDV were rotated according to this transformation, but
as in [30], an additional axis mirroring was applied to the
spatial coordinates to bring the two into coincidence. This
additional axis mirroring stems from alignment conventions
between spatial and orientation reference frames within the
EBSD indexing software.

Integrated point-to-point misorientation was computed
between the SSDV and the collection of near-field maps in
order to guide the optimization of alignment between the
two datasets. Points at which misorientation is below a five-
degree threshold were chosen to represent pairs of aligned
and corresponding grains found in both datasets. Identifying
these unique pairs over the 3D data volume linked corre-
sponding grains in the near-field maps and SSDV, thereby
completing a “lookup table” of grains tracked through all
characterization modes. A total of 3170 grain pairs were
identified. Two-dimensional orientation field maps from the
nf-HEDM and SSDV which represent the sample micro-
structure at the center fiducial are illustrated in Fig. 1d.
Grains are colored with respect to the stereographic triangle
pictured for the <001 > inverse pole. Note, the absence of
certain coherent twin features in the nf-HEDM reconstruc-
tion relative to the SSDV microstructure in part motivates
the need for the higher spatial resolution serial sectioning
characterization.

Choice of Grains of Interest for Challenge 4

Several criteria were applied as filters in order to select
grains of particular interest to model for the challenge.
Grains were considered which were identified in the SSDV
and were tracked unambiguously across all S;. A grain is
considered “unambiguously tracked” from state S, if there is
one and only one grain in S, ; which satisfies the conditions
in sects Linking of the Experimental Volumes Across Load
States. Grains not completely contained within the SSDV
were disallowed; grains which were relatively equiaxed and
not highly twinned or with particularly re-entrant morpholo-
gies were preferred. Following application of these filters,
28 grains were chosen on which to base the challenge. These
28 challenge grains along with the entire SSDV are pictured
in Fig. 1e top and bottom, respectively.

The grain-averaged elastic strain evolution for each of the
challenge grains is tracked across all load states. This allows
for the comparison of the distribution of each component of
strain, shown in Fig. 4. On each horizontal axis, load states
S; are plotted. At each of these states, a violin plot illustrates
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Fig.4 Violin plots illustrate the evolving distribution of each strain
component within the set of challenge grains. Each violin represents a
smoothed histogram of the distribution of strain component values at
each load state S;. The mean and median are marked by black and red
lines, respectively. In the inset, we track the &, principal axis strain

a smoothed histogram of the distribution of each strain com-
ponent for the 28 challenge grains. These distributions illus-
trate a general broadening at increasing load, indicating a
heterogeneous response between grains examined. The strain
component €, is parallel to the direction of applied uni-
axial tension. Inset at left, the individual trajectories shown
for each challenge grain illustrate that individual grain load
states are not monotonically increasing, i.e., that the local
stress—strain response within the material does not always
match that of the bulk.

Conclusion

A series of 3D in situ non-destructive material charac-
terizations were performed on an additively manufactured,
IN625 specimen during uniaxial tensile loading. The mate-
rial microstructure, including orientation and stress—strain
fields, were characterized six times during loading, and the
evolution of the micromechanical elastic strain states of
constituent grains were associated with a data volume of

for challenge grains across S; and look to observe plasticity through
stress relaxation within individual grains or through the behavior
of groups. Note, the orders of magnitude on the plots vary by strain
component

orientation information obtained by serial sectioning. The
resulting data volume was utilized to instantiate and vali-
date image-based materials performance models as a part
of AFRL AM Modeling Challenge Series, Challenge 4.
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