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Three-dimensional x-ray diffraction (3DXRD), a rotating x-ray diffraction

technique, is a powerful tool for studying the micromechanical behavior of
polycrystalline materials, capable of measuring the volume, position, orien-
tation, and strain of thousands of grains simultaneously. However, its appli-
cation has been historically limited to synchrotron facilities. Here, we present
the first demonstration of laboratory-scale 3DXRD (Lab-3DXRD) using a liquid-
metal-jet source. Lab-3DXRD achieves accuracy comparable to synchrotron-
based 3DXRD, as validated against laboratory diffraction contrast tomography
(LabDCT) and synchrotron-3DXRD. Over 96% of the grains detected with Lab-
3DXRD are cross-validated, particularly for coarse grains (> -60 pum), while the
results suggest that finer grains should be accessible by taking advantage of
high-efficiency detectors. We further demonstrate that its sensitivity to finer
grains is enhanced by incorporating pre-characterization into the analysis. This
study establishes Lab-3DXRD as a practical alternative to synchrotron techni-
ques, making 3DXRD accessible to a wider range of academic and industrial

researchers.

Over the past two decades, modern synchrotron x-ray characterization
techniques have revolutionized contemporary materials science.
Researchers can now watch how microstructures evolve under envir-
onmental stimuli in situ, in 3D, and across several orders of magnitude
in length scale. These measurements are opening new doors into our
understanding of structural, functional, and geological materials via
direct observation. Three-dimensional x-ray diffraction (3DXRD) is a
preeminent example. 3DXRD, alternatively called high-energy diffrac-
tion microscopy (HEDM) or high-energy x-ray microscopy (HEXM), is a
rotating x-ray diffraction technique that can be used to measure the
relative volume, position, crystallographic orientation, and strain state
of each individual crystal or grain, for up to tens of thousands of grains
concurrently. For this reason, 3DXRD is perhaps the most powerful
tool we have for understanding the micromechanical behavior of
polycrystalline materials.

Since its advent, 3DXRD has been used to understand a wide
diversity of material processes and mechanical behaviors, including
recrystallization and grain growth', crystal plasticity’”'?, twinning
and phase transformations™", fatigue'®*?, fracture”*?, and
beyond*¥~., This list is in no way exhaustive, as the number of works
utilizing 3DXRD (or HEDM) has increased exponentially since its
invention in the early 2000s. The escalation from 25 citations in 2011 to
1,145 citations in 2023, according to Clarivate’s journal citation
reports®, reflects 3DXRD’s widespread acceptance and integration
into research methodologies.

The principals of 3DXRD are as follows: A sample volume is illu-
minated by a monochromatic box or line-focused x-ray beam while
diffraction patterns are serially recorded during a 360° sample rotation.
There are two main versions of 3DXRD: a near-field version and a far-
field version (see also: point-focused or scanning versions® ). Only the
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far-field version is used to routinely measure grain elastic strain states,
which (knowing the stiffness tensor) can then be used to measure grain
stress states. Specifically, the far-field version of 3DXRD can be used to
measure the grain centroid, relative grain volume, grain-averaged crys-
tallographic orientation, and grain-averaged elastic strain tensor with
resolutions typically quoted as 10 pm (spatial), 0.1° (orientation), and
10™ (strain)®*. These measurements can be converted to micro-
structures using a weighted Voronoi tessellation (see, e.g., Neper”).
Multiple software packages including MIDAS®*, HEXRD*, and
ImageD11*° are available for data analysis. Researchers have also devel-
oped specialized analysis tools to measure other types of grain-specific
information from 3DXRD measurements, including dislocation
density”*, slip system activation***, orientation spread*, deformation
twinning*, martensitic phase transformations*, and beyond. All of this
information is contained within the richness of 3DXRD data sets.

Despite its numerous and considerable advantages, the accessi-
bility of 3DXRD remains limited to a small number of storage-ring-
based x-ray radiation source facilities. Dedicated HEDM beamlines can
be found at the Advanced Photon Source (APS) at Argonne National
Laboratory and the Cornell High Energy Synchrotron Source (CHESS)
in the US., the European Synchrotron Radiation Facility (ESRF) in
France, Petra-lll in Germany, and SPring-8 in Japan. To access these
facilities, users can submit proposals for a maximum of six days per
visit that are reviewed and scored by a panel. The 1-ID beamline, for
example, is one of, if not the most, oversubscribed beamline at the
APS. While this speaks to the popularity of synchrotron-based 3DXRD,
there is a significant barrier for those who may be unfamiliar with the
user facility proposal process, and even expert users need to wait
months or even years for a single experiment. Beyond these facilities,
there is currently no alternative to the strain-mapping, far-field version
of 3DXRD (using, e.g., electron-based methods). Consequently, the
limited access to 3DXRD constrains the research applications and
dissemination of this distinctive and powerful technique.

The accessibility of instrumentation is critical for expanding to
new research areas, e.g., the diverse application of benchtop x-ray
diffractometers*®™*5, Consequently, there have been concerted efforts
to bring advanced characterization techniques from synchrotron
facilities into standard laboratories. One relevant example is diffrac-
tion contrast tomography (DCT). Once exclusive to synchrotrons,
laboratory-scale DCT (LabDCT) has now become a popular technique
for studying the 3D grain maps of polycrystalline materials*>",
Ongoing technological advancements in x-ray sources and detectors
and user-friendly analysis software packages have facilitated the
commercialization of DCT*>%, Although LabDCT has some limitations
(e.g., the degree of deformation), this invention has increased acces-
sibility for a broader range of users and is now being employed across
various research industries®* . Another example is small-angle x-ray
scattering (SAXS). With advancements to brightness and stability in
synchrotron radiation that began in the 1970s, SAXS was developed
and refined at synchrotron facilities”’*°, and more recent improve-
ments in x-ray optics and other instruments have since made SAXS
available in laboratory settings®®®. Although laboratory SAXS has
some trade-offs compared to synchrotron SAXS, these developments
have significantly enhanced the growth of research utilizing SAXS®*¢*,

In this work, we bring the far-field version of 3DXRD from the
synchrotron to the laboratory scale for the first time, demonstrating
that researchers can access these measurements in their home insti-
tutions in a way that was not previously possible. We present the first-
ever laboratory-scale 3DXRD (Lab-3DXRD) microscope. We share the
results of a comparative benchmarking validation study of Lab-3DXRD
against synchrotron 3DXRD at CHESS and LabDCT. The results show
that the position, orientation, and strain capabilities of Lab-3DXRD are
comparable to those of synchrotron-based 3DXRD. While our current
detector (a Varex XRD1611-xP) can be used to reliably and accurately
measure coarse (>-60 um) grains, this limit is detector-dependent,

and finer grains should be accessible by taking advantage of high-
efficiency detectors (e.g., photon-counting detectors). We also
demonstrate how the detection of fine grains can be improved by
seeding the analysis with grains pre-characterized by complementary
techniques like LabDCT. Finally, we discuss the outlook for Lab-3DXRD
to supplement 3DXRD’s growing user base as well as reach new
untapped scientific communities.

Results and discussion

Overview of the lab-3DXRD, synch-3DXRD, and labDCT
measurements

An overview of the 3D grain information measured using Lab-3DXRD,
synchrotron-based 3DXRD (referred to here as “Synch-3DXRD”), and
LabDCT is provided in Fig. 1. This result provides a first look at the
performance of Lab-3DXRD compared against Synch-3DXRD and
LabDCT. As mentioned in the previous section, the results shown here
and discussed throughout the rest of the manuscript correspond only
to grains observed within the ~-1x1x1 mm? sample volume that is
common to all three measurements. These grains are opaque in Fig. 1a-
c. The partially transparent grains in Fig. 1b,c correspond to grains that
are outside of this volume (i.e., grains that are not included in the
validation study).

In the grain 3D maps (Fig. 1a—c), the grains within all three volumes
nominally occupy similar positions. By comparison, the LabDCT grain
map shows a higher count of relatively small grains than that of Lab-
3DXRD or Synch-3DXRD. This result is representative of a common
theme that will be discussed throughout this work, i.e., that: (1) Lab-
3DXRD results are consistent with Synch-3DXRD and LabDCT for
moderate-to-large-sized grains, and (2) Lab-3DXRD is less robust
detecting finer grains, though this grain size limitation is expected to
be largely detector-dependent. The largest grain, located at the bot-
tom of the reconstructed volume in the LabDCT dataset (Fig. 1c), is
absent in the 3DXRD results (Fig. 1a, b). This absence is likely due to
saturated Bragg reflections, which are automatically excluded from the
3DXRD analysis.

In the inverse pole figure (IPF) orientation maps (Fig. 1d-f), all
three techniques provide similar orientation measurements, demon-
strating the ability of Lab-3DXRD to measure grain orientations as well
as Synch-3DXRD or LabDCT (discussed more in the next section).
Figure 1g-i shows the grain size distributions for the three measure-
ments. The relative grain volume in LabDCT was calculated from the
ratio of voxels forming a grain to the total voxel count in the recon-
structed volume, whereas the relative grain volume in Lab-3DXRD and
Synch-3DXRD were calculated from the relative diffraction peak
intensities as described in the “Methods” section. The relative grain
volumes show similar distributions across all three techniques. The
equivalent elastic strains (Fig. 1j, k) measured using Lab-3DXRD versus
Synch-3DXRD show good agreement. (As a reminder, LabDCT cannot
be used to measure strains.) Altogether, the results show that Lab-
3DXRD can be used to measure grain orientations and elastic strains as
accurately as Synch-3DXRD, discussed more quantitatively in the fol-
lowing sections. On the other hand, Synch-3DXRD has higher com-
pleteness values (Fig. 1I-n) than that of either laboratory-scale
technique. Completeness is defined as the number of measured dif-
fraction peaks in proportion to the number of expected diffraction
peaks for a given grain. The higher completeness observed with Synch-
3DXRD likely reflects the greater brilliance and consequently higher
signal-to-noise ratios characteristic of synchrotron-based sources. This
result speaks to the main challenge for Lab-3DXRD and for laboratory
x-ray source techniques in general, i.e., low signal-to-noise ratios.

Analysis of grains paired across lab-3DXRD, synch-3DXRD, and
labDCT measurements

To cross-validate Lab-3DXRD against Synch-3DXRD and LabDCT, we
performed grain pairing where we identified grains that were detected
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Fig. 1| Overview of the 3D grain information measured obtained from
laboratory-scale 3DXRD (Lab-3DXRD), synchrotron-based 3DXRD (Synch-
3DXRD), and laboratory diffraction contrast tomography (LabDCT). a—-c Grain
positions where marker size and color both correspond to relative grain volume;

d-f Grain orientations shown in an inverse pole figure (IPF); g-i Relative grain
volumes; j, k Grain strains; I-n Grain completeness and goodness of fit (x?). Note:
Goodness of fit is only reported for the two 3DXRD measurements and is not
available from the LabDCT reconstruction software.

across each pair of techniques, i.e., grains that were found in both the
Lab-3DXRD and LabDCT data sets (“Lab-3DXRD / LabDCT”), grains that
were found in both the Lab-3DXRD and Synch-3DXRD data sets (“Lab-
3DXRD / Synch-3DXRD”), and grains that were found in both the
LabDCT and Synch-3DXRD data sets (“LabDCT / Synch-3DXRD”). Using
a first criterion of <0.25° misorientation, we found 258 grain pairs
between Lab-3DXRD and LabDCT, 257 grain pairs between Lab-3DXRD
and Synch-3DXRD, and 363 grain pairs between Synch-3DXRD and
LabDCT (Fig. 2a). Of the 270 grains detected with Lab-3DXRD, only 12
were not identified in the LabDCT result and 13 were not identified in
the Synch-3DXRD result. After identifying grain pairs based on orien-
tation, a second criterion was enforced based on grain centroid posi-
tion using a maximum distance of 0.2 mm. After this second criterion,
we found 256 grain pairs between Lab-3DXRD and LabDCT and 253
grain pairs between Lab-3DXRD and Synch-3DXRD (Fig. 2a).

Although Lab-3DXRD measured fewer grains than Synch-3DXRD
or LabDCT, a significantly higher percentage of the Lab-3DXRD grains
were validated by one or both other techniques (96% for Lab-3DXRD /
LabDCT and 94% for Lab-3DXRD / Synch-3DXRD, compared to 70% for
Synch-3DXRD / LabDCT). Even though both Synch-3DXRD and
LabDCT found between 430 and 450 grains, only 310 of these grains
could be identified in the other data set. Even without a position cri-
terion (i.e., enforcing only the misorientation criterion of 0.25°), only
363 grains could be paired between Synch-3DXRD and LabDCT. This
may speak to inherent differences between the way that grain orien-
tations are measured between 3DXRD and LabDCT, leading to some
discrepancies above our threshold criterion of 0.25°. It may also sug-
gest that the orientations and positions of very small grains cannot be
measured with high precision using either Synch-3DXRD or LabDCT.
Also, a few large grains in the slices are not characterized by both
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Fig. 2| Overview of grains pairing across laboratory-scale 3DXRD (Lab-3DXRD),
synchrotron-based 3DXRD (Synch-3DXRD), and laboratory diffraction con-
trast tomography (LabDCT). a The number of grains detected and paired across
each technique combination; b 2D orthogonal XZ and XY “slices” of the LabDCT
reconstruction (color = completeness), marked by a white dot line in each slice with
markers indicating grain centroids measured by each technique; ¢ Distribution of
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d Distribution of distance measured between grains paired across LabDCT and Lab-
3DXRD (red), Lab-3DXRD and Synch-3DXRD (blue), and LabDCT and Synch-3DXRD
(green); e IPF (Z) map colored by misorientations; fIPF (Z) map colored by centroid
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Fig. 3 | Comparison of paired vs. unpaired from the analyzed grains of
laboratory diffraction contrast tomography (LabDCT) and synchrotron-based
3DXRD (Synch-3DXRD) grains compared with laboratory-scale 3DXRD (Lab-
3DXRD). Paired and unpaired grains of LabDCT with respect to (a) Grain size

measured by LabDCT; b Completeness measured by LabDCT; c-e Grain centroid
position measured by LabDCT; Paired and unpaired grains of Synch-3DXRD with
respect to (f) Relative volume measured by Synch-3DXRD; g Completeness mea-
sured by Synch-3DXRD; h-j Grain centroid position measured by Synch-3DXRD.

3DXRD techniques, likely due to saturated Bragg reflections that are
automatically excluded from the analysis.

The misorientation values between grain pairs are shown in
Fig. 2c. The distribution peak values are 0.042° for Lab-3DXRD /
LabDCT grain pairs, 0.030° for Lab-3DXRD / Synch-3DXRD grain pairs,
and 0.031° for Synch-3DXRD / LabDCT grain pairs. Note that all three
values are less than the 0.1° orientation resolution typically reported
for far-field 3DXRD**%, Also, note that the lowest misorientation is
found in the grain pairs for Lab-3DXRD / Synch-3DXRD, indicating that
the Lab-3DXRD orientation measurements are closest to those mea-
sured with Synch-3DXRD, even closer than LabDCT to Synch-3DXRD.
In Fig. 2e, the orientations are shown with respect to the misorienta-
tion values, showing that there is no correlation between grain orien-
tation and misorientation and thus no artifacts that might affect the
orientation measurements for specific orientations. Overall, these
findings affirm the ability of Lab-3DXRD to measure grain orientations
with accuracies that are comparable to that of Synch-3DXRD.

The centroid position differences between grain pairs are shown
in Fig. 2d. The distribution peak position values are 44 pm for Lab-
3DXRD / LabDCT pairs, 58 um for Lab-3DXRD / Synch-3DXRD pairs,
and 36 pum for Synch-3DXRD / LabDCT pairs. The paired grains in
Synch-3DXRD / LabDCT are predominantly within 0.1 mm, a reason-
able outcome based the average grain size (104.3 um) and on the
reported spatial resolutions***>**, The paired grains with Lab-3DXRD
exhibit a slightly broader distribution skewing toward higher

distances. Overall, these findings suggest the accuracy of Lab-3DXRD
in determining grain position is slightly lower than that of Synch-
3DXRD, likely due to the signal-to-noise ratio. Of the quantities that
3DXRD is used to measure (i.e., position, orientation, strain, and rela-
tive volume), the grain centroids are measured with the smallest
degree of accuracy since the position-related deviations in diffraction
peak locations are significantly smaller than orientation-related or
strain-related deviations (in the far-field geometry)*. This explains why
Lab-3DXRD is comparable to Synch-3DXRD in terms of grain orienta-
tions (Figs. 1d, e and 2c) and strains (Fig. 1j, k), but it is slightly less
accurate than Synch-3DXRD and LabDCT in terms of grain positions
(Fig. 2d). This also points to opportunities for improving position
accuracy with Lab-3DXRD using a more sensitive detector.

Characteristics of “paired” versus “unpaired” grains

Figure 3 shows the grain sizes, completeness values, and 3D centroids
(x, y, z coordinates) for the LabDCT grains (Fig. 3a-e) and Synch-
3DXRD grains (Fig. 3f-j) that were paired vs. not paired (“unpaired”)
with Lab-3DXRD. The numbers of unpaired grains in the LabDCT and
Synch-3DXRD datasets are 172 and 194, respectively, while the num-
bers of paired grains are 258 and 257. Figure 3a shows that grains with a
variety of sizes were measured with Lab-3DXRD and confirmed with
LabDCT, and the majority of unpaired LabDCT grains were small (less
than ~55 pum). The average grain size measured by LabDCT is 104.3 um,
and the average size is 130.9 pm for paired grains and 65.1 pm for
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unpaired grains. The difficulty of detecting small grains with Lab-
3DXRD is due to the fact that small grains have lower completeness
values. Completeness is the ratio of the number of detected diffraction
peaks to the number of expected diffraction peaks for a given grain.
Since small grains have low-intensity diffraction peaks that may not be
detected above the background noise level, small grains also tend to
have lower completeness values. The average LabDCT completeness
value is 0.7 for paired grains and 0.6 for unpaired grains (Fig. 3b).
Similarly, in the Synch-3DXRD grains (Fig. 3g), the completeness of
paired grains with Lab-3DXRD is primarily concentrated around 1.0,
whereas unpaired grains are distributed across a lower completeness
range. Overall, these results speak to the main challenge associated
with Lab-3DXRD, i.e., the low signal-to-noise ratio, which makes it
difficult to confidently detect small grains. Longer exposure times or
detector binning can be explored to enhance the signal-to-noise ratio,
and the use of a more sensitive (e.g., photon-counting) detector is
expected to significantly improve the signal-to-noise ratio and thus the
ability to detect small grains.

While grain size is the most dominant factor influencing Lab-
3DXRD’s ability to characterize a grain, the location of the grain may
also have a small influence in this particular experiment. Figure 3c-e
shows the centroid locations of the paired vs. unpaired LabDCT grains
compared to Lab-3DXRD. The extremes of the X, y, and z-coordinates
correspond to the edges of the incident beam. Notice that the number
of unpaired grains at the beam edges are slightly higher than the center
of the beam. This may be due to the fact that the incident beam
intensity is slightly lower at the beam edges, in addition to the fact that
the size of the beam (1.05 x 1.05 mm?, measured via the FWHM of the
incident beam intensity; see Supplementary Fig. Slc, d) is very close to
the size of the specimen cross-section. Thus, our results could be
improved by using a slightly larger beam, or a slightly smaller
specimen.

Evaluation of Lab-3DXRD through correlation analysis

A comprehensive investigation of Lab-3DXRD’s capabilities was per-
formed by analyzing correlations between various parameters of
paired grains, as detailed in Supplementary Figs. S5 and S6. The
strongest correlations were observed with completeness. Generally,
completeness increases with grain size, as larger grains diffract x-rays
more intensely than smaller grains, thereby exceeding the detector
noise threshold more easily””?*%¢, The scatter plot in Fig. 4 shows that
completeness is exponentially proportional to grain size. This rela-
tionship offers insight into determining a grain size limit that Lab-
3DXRD can reconstruct. From the paired grains between Lab-3DXRD
and LabDCT, the minimum grain size is 40.2 pum, but this size may
misrepresent the actual size limit of the Lab-3DXRD. In Fig. 3a, most
unpaired grains fall within the 40 pm to 110 um range, while only a
small fraction of paired grains are within this size range. So, to ascer-
tain the size limit, the data points of grain size with Lab-3DXRD’s
completeness are fitted by an exponential relation, resulting in a fitting
curve (a dashed curve in Fig. 4) converging at 63.9 um with decreasing
completeness. Therefore, assuming that grain size is the sole compo-
nent affecting completeness in the experimental setup®*®, 63.9 um
can be thought of as a rough size limit of Lab-3DXRD (with this parti-
cular source and detector setup). This is consistent with the fact that
240 out of 256 paired Lab-3DXRD grains are larger than 63.9 pm
(although the smallest grain detected with Lab-3DXRD was 40.1 pm).

Improving lab-3DXRD using a seeded analysis strategy

The results presented above validate the capabilities of our Lab-3DXRD
system in terms of grain volumes, orientations, strains, and positions.
While Lab-3DXRD performs well for coarse grains, Lab-3DXRD is not as
sensitive to small (< ~-60 um) grains. As discussed above, the limitation
is due to low signal-to-noise ratios in our current source and detector
setup and could be greatly improved by incorporating a more
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sensitive, e.g., photon-counting, detector. Here, we explore another
means to improve the Lab-3DXRD grain tracking results (without any
hardware upgrades) by seeding the 3DXRD analysis with grain orien-
tations measured with LabDCT. This strategy is an option in cases
where pre-characterization of the grain structure is available using
DCT, the near-field version of 3DXRD/HEDM, or (for thin samples)
electron backscatter diffraction (EBSD).

Our approach is specific to HEXRD but can be adopted for any
3DXRD analysis software package. The far-field 3DXRD analysis in
HEXRD consists of two main steps: (1) identifying grain orientations
(“grain indexing”), and (2) fitting the elastic strain tensor and position
of the grain based on the grain’s measured diffraction peaks (“grain
fitting”). With the grain seeding approach, we skip the grain indexing
step and instead pass a predetermined list of grain orientations, in this
case, the grain orientations measured using LabDCT.

The seeded analysis produced 42 new Lab-3DXRD grains that
could be paired with LabDCT grains (using the same criteria of less
than 0.25° orientation difference and less than 0.2 mm position dif-
ference), representing an improvement of 16.4 %. Figure 5 compares
the Lab-3DXRD / LabDCT grain pairs found using the standard
(“unseeded”) analysis vs. grain pairs that are only found when using the
new (“seeded”) analysis. Notice that the new (“seeded”) analysis
resulted in the detection of grains that are significantly smaller than
the grains found in the original “unseeded” analysis. The average grain
size in the “Only seeded Lab-3DXRD” category is 84.04 pm (vs. 130.9
pm in the “unseeded Lab-3DXRD” category), and the smallest grain
detected and verified (i.e., by pairing with LabDCT) in this category is
41.29 pm. These additionally detected grains also have lower com-
pleteness values and slightly larger orientation and position differ-
ences from their paired LabDCT grains, suggesting slightly poorer
accuracy compared to the grains characterized without the seed data
(see Fig. 5f, g).

All of this points to the fact that smaller grains have lower intensity
diffraction peaks, resulting in a decreased ability to measure them as
accurately as large grains. With our current x-ray source and detector
(an indirect flat panel x-ray detector), the signal-to-noise ratio is best
suited for the study of grains larger than -60 pum in diameter. However,
this work shows that the detection of small grains can be improved by
seeding the far-field 3DXRD analysis, although this method necessi-
tates prior characterization using another advanced laboratory-scale
instrument. The seed method may be particularly helpful when
indexing orientations associated with small volumes such as twin
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formation® and phase transformation'®. We also expect that mod-
ifications to the measurement procedures (e.g., increasing the expo-
sure time, binning pixels, taking multiple images per rotation
increment, and incorporating additional preprocessing steps), can be
tested to enhance the capabilities of lab-3DXRD, as similar advance-
ments have been actively pursued in other established techniques®® .
Of course, the biggest improvement that can be made is to increase the
signal-to-noise ratio using a more sensitive detector from readily
available technologies (e.g., photon-counting). We expect that this can
lead to significant and immediate improvements in terms of the
detection of fine grains.

In this work, we introduce the Lab-3DXRD microscope, demon-
strate its ability to measure grain-specific 3DXRD quantities (position,
relative volume, orientation, and strain), and cross-validate the results
in a comparative benchmarking study using established grain-tracking
techniques, including synchrotron-based 3DXRD and LabDCT. The
results show that Lab-3DXRD can be used to detect and characterize
grains with accuracies comparable to that of synchrotron-based
3DXRD. More than 96% of the grains detected with Lab-3DXRD were
cross-validated with synchrotron-based 3DXRD and/or LabDCT. While
our current hardware can be used to accurately measure grains greater
than ~60 um, the results suggest that finer grains will also be accessible
by taking advantage of currently available high-efficiency detectors
(e.g., photon-counting detectors). We also demonstrate how the sen-
sitivity of Lab-3DXRD to fine grains can be improved by seeding the
analysis with pre-characterization measurements. This first demon-
stration of 3DXRD is expected to enable new, diverse communities of
academic and industrial researchers to harness the advantages of
3DXRD at the laboratory scale. As a highly accessible 3D grain-tracking
technique compared to synchrotron methods, Lab-3DXRD can provide
researchers with hands-on 3DXRD experience, advancing our under-
standing of crystalline materials.

Methods

Lab-3DXRD instrumentation

The custom Lab-3DXRD system was manufactured by Proto Mfg.
(Supplementary Fig. Sla). This system comprises two main

components: (i) the x-ray source and optics cabinet and (ii) a walk-in
enclosure, or hutch. The hutch is lead-shielded and includes various
safety features to ensure secure operation. The system is managed and
controlled externally via two dedicated workstations.

The Lab-3DXRD system has an Excillum MetalJet E1+ liquid-metal-
jet anode source. The target material is a molten ExAlloy-I12 alloy
composed of 47% gallium, 37% indium, and 16% tin by weight. Heater
jackets are incorporated to maintain the flowability of the liquid alloy
in its molten state. The system operates at an electron beam voltage of
160 kV and an emission current of 4.375 mA, producing a power output
of 700 W. The electron beam size is adjustable and was set to 80 pm
(horizontal) x 20 um (vertical) for this study. Blooming in the vertical
direction in combination with the take-off angle in the horizontal
direction results in a 30-um round apparent X-ray focal spot. The
electron beam on the indium-rich target alloy produces a strong
Indium Ko radiation with a brilliance of 4 x 10° photons/
(s-mm*mrad-0.1% BW)"""2,

A Montel x-ray optic (model AXO ASTIX + +120) is used to colli-
mate and monochromate the polychromatic x-rays produced by the
MetalJet. This optic consists of two parabolic graded-multilayer mir-
rors positioned at 90° angles to each other that align and collimate the
incident beam. The Montel optic also filters the energy spectrum of
x-rays (Supplementary Fig. S2), producing a Ka doublet x-ray beam
that includes only the Indium Koy (24.21keV) and Ko, (24.00 keV)
peaks. The collimated beam with a divergence of 0.2 milliradians then
passes through a beam shaper to change the cross-sectional dimen-
sions of the beam. During these adjustments, the incident beam is
monitored using a MiniPix TPX3 CdTe detector featuring a 256 x 256
pixel array with a pixel size of 55 um. At the sample position, the
integral intensity in the -1.4 x 1.4 mm? x-ray beam was 1.6 x 10® counts/
second. Supplementary Fig. S1d shows a profile of the photon counts
along the vertical line in Supplementary Fig. Slc. This figure defines the
maximum measurable layer height, which was determined to be
1.05 mm based on the full width at half maximum of the profile in
Supplementary Fig. S1d. The maximum sample cross-section is dic-
tated by the beam size: 1 x 1 mm? In addition, the x-ray attenuation and
absorption of the material should be considered to determine the

Nature Communications | (2025)16:3964


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58255-x

—

3D X-Ray Diffraction Characterization |

a s w b c d
i '?eigf;t LabDCT ?)Sg;%
. H mm
Ti-7Al
1.6 1
2 —
*,‘&' (f Coordinate systems h
02
+Zper 4 *+Yapxro
0
" Synch- Lab-
LabDCT
: 3DXRD  3DXRD L +Zareo +XaoxrD
. )

~
/—[ Comparative Benchmarking Validation Study ]—\

Fig. 6 | A schematic of the comparative benchmarking validation study of
laboratory-scale 3DXRD. a Drawing of a Ti-7Al specimen used in this work; b The
total sample volumes measured by each of the three techniques; ¢ 3D micro-
structure measured with laboratory diffraction contrast tomography (LabDCT);

d 3D scatter plot of grain centroids measured with synchrotron-based 3DXRD
(Synch-3DXRD); e 3D scatter plot of grain centroids measured with laboratory-scale
3DXRD (Lab-3DXRD); f 3DXRD vs. DCT coordinate system conventions.

actual allowable sample cross-section. In this experiment, our sample
(Ti-7Al with a 1x1 mm? cross-section) had approximately 2%
transmission.

In our far-field 3DXRD setup, the sample station is mounted on a
Standa 8MR190-90 motorized rotation stage (angular deviations <40
HRa). The attached 2D translation stage facilitates movements up to
70 mm along the x-axis and 44 mm along the y-axis, as depicted in the
3DXRD coordinate system (Fig. 6f). Additionally, a separate translation
stage adjusts the position of the 3DXRD detector along the z-axis,
allowing for a sample-detector distance ranging from 195mm to
1054 mm.

The detector is a Varex XRD1611-xP: a single amorphous silicon
flat-panel detector with a Csl scintillator (84 dB dynamic range and
frame rates up to 15 frames per second). Its relatively high-efficiency
mapping across a wide energy range from 20 kV to 15 MV is suitable for
the laboratory x-ray source in this study, even though the detection
efficiency of this indirect flat-panel detector with Csl scintillator is
somewhat limited around the 24 keV energy range’”. The detector
array consists of 4096 x 4096 pixels, each measuring 100 x 100 pum?
The detector’s active area is approximately 409.6 x409.6 mm?,
offering a large coverage area for capturing diffraction patterns.

The alignment of the sample in the incident beam is performed
using the MiniPix CdTe detector, and an optical camera to provide
real-time monitoring of the sample’s movement while the stage
rotates. While the rotation axis is aligned, the CdTe detector is posi-
tioned in the path of the x-ray beam between the sample and the
3DXRD detector and is removed once alignment is completed. This
setup is used to verify the position of the sample relative to the
incident beam.

Material

The sample used in the validation study is an annealed Ti-7Al (Ti-
7.02A1-0.110-0.015Fe wt%) alloy with a single-phase hexagonal close-
packed (HCP) crystal structure and an equiaxed microstructure with an
average grain size of 100 pm. The tensile specimen was electric dis-
charge machined into a tensile specimen with a square geometry with
a cross-section of 1x1 mm? and a gauge length of 2 mm.

Lab-3DXRD data acquisition

Prior to the Lab-3DXRD measurements, the tilt, rotation, and center of
the detector are calibrated using HEXRD*’ following the same cali-
bration procedures for traditional synchrotron 3DXRD’°. Specifically,
detector calibration was performed using a powder x-ray diffraction
pattern of a reference powder material (Si, SRM-640f) and a far-field
3DXRD measurement of ruby single crystals (SRM-1990). The sample-
to-detector distance is 515 mm, allowing for complete coverage of the
five inner-most Debye-Scherrer rings ({100}, {002}, {101}, {102}, and
{110}) of the Ti-7Al sample. During the Lab-3DXRD measurement con-
ducted in this study, the 3DXRD diffraction patterns are acquired over
an angular (w) interval of 0.1°with an exposure time of 2 seconds per
image. Accounting for data collection process, the total measurement
time for 3600 images was four hours. The acquired diffraction images
undergo preprocessing, as outlined in Supplementary Figs. S3 and S4,
to optimize their compatibility with the analysis software.

For the Lab-3DXRD reconstructions, we used the software pack-
age, HEXRD*. The analysis provides the centroid location, grain-
averaged elastic strain tensor (and its equivalent elastic strain), and
grain-averaged crystallographic orientation of each grain indexed
within the illuminated volume through the process summarized in the
Lab-3DXRD Data Preprocessing and Far-field Characterization section
of the Supplementary materials. The output also includes a list of the
reflections and their intensities corresponding to each grain that can
be used to calculate the grain’s relative volume. To ensure the accuracy
of the reconstructed grains, the results are filtered using a goodness of
fit (x?) threshold of 0.02. This goodness of fit measure is calculated by
HEXRD by summing the squared residuals between the measured and
predicted peak positions based on the grain’s indexed orientation and
fitted elastic strain and position components.

Benchmarking validation study against synchrotron 3DXRD
and LabDCT

To validate the grain information measured using Lab-3DXRD, we
compared the Lab-3DXRD measurements against traditional synchro-
tron 3DXRD (Synch-3DXRD) and LabDCT measurements on the same
sample in a comparative benchmarking validation study.
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The synchrotron 3DXRD measurements were conducted at the
Forming and Shaping Technology (FAST) beamline located in the
ID3A hutch at CHESS. The energy of the monochromatic x-rays, with
a bandwidth of 6.0 x 10™* was 23.22 keV, closely matching the energy
of In Koy (24.21keV). As a third-generation synchrotron, the peak
brilliance is around 10" photons/(ssmm?mrad?-0.1% BW)”". The col-
limated x-ray “box” beam was 2.0 mm (width) by 1.0 mm (height)
with divergences of 0.05 milliradians (width) and 0.01 milliradians
(height). The data acquisition was performed in two layers with a
0.2 mm overlap, resulting in a total measurement height of 1.8 mm
(Fig. 6b). The detector array consisted of two Dexela 2923 area
detectors. The sample-to-detector distance was set to 525mm,
similar to that of Lab-3DXRD. 3DXRD measurements were collected
over 360° rotation at a w interval of 0.25°. The exposure time for
each collection was 0.25 seconds. The measurements were analyzed
using the HEXRD package using the same procedure as that of Lab-
3DXRD. To ensure the accuracy of the reconstructed grains, the
results were filtered using a x? threshold of 0.02 (the same criterion
used for Lab-3DXRD). For Lab-3DXRD and Synch-3DXRD, the relative
volumes were determined by normalizing the {101} reflection inten-
sities of individual grains to the total summation of intensities across
all detected grains'**%, The choice of {101} reflections is motivated by
their characteristic high intensities in general HCP diffraction
profiles.

The LabDCT measurements were conducted using a Zeiss Xradia
Versa 520 equipped with the Flat Panel Extension (FPX). The special
FPX option includes a larger (3072 x 1944 pixel) detector than the
standard instrument package. The laboratory x-ray source consists of
a sealed transmission x-ray tube with a tungsten anode, producing
polychromatic x-rays. A power of 10 W was used with an accelerating
voltage of 110 kV. An absorption contrast tomography (ACT) scan
was performed to create an absorption mask defining the size and
shape of the sample for 3D reconstruction. The sample-to-source
distance and sample-to-detector distance were set to 13 mm and
200 mm, respectively. The DCT aperture size was configured to
750 x 750 pm?. During a 360° rotation, 480 diffraction images were
collected at 0.75° intervals, with an exposure time of 30 seconds per
image, resulting in a total scan duration of approximately four hours.
The DCT data was analyzed using GrainMapper3D™. The total
reconstructed sample volume was 1095 x 1095 x 2920 um? with a
voxel size of 5 pm. A minimum misorientation threshold of 0.1° was
used to define individual grains. To ensure the accuracy of the
reconstructed grains, the LabDCT dataset was filtered using on a
minimum grain size of 40 pm, as per the reported limit for the
LabDCT*.

The procedure for aligning the three data sets (Lab-3DXRD,
Synch-3DXRD, and LabDCT) comprised two main steps: aligning the
orientation of the three data sets via a rigid body rotation (“orienta-
tional alignment” in Supplementary Fig. S3b) and aligning the position
of the three data sets via a rigid body translation (“translational
alignment” in Supplementary Fig. S3b). Both of the 3DXRD datasets
were aligned to the LabDCT dataset using the following procedure: (1)
First, we identified the five largest grains in each data set. (2) Among
these five grains, for each potential grain pair combination, we calcu-
lated a rotation that would take the orientation of the 3DXRD grain to
the orientation of the LabDCT grain. This yielded 5?=25 potential
rotations based on the possible grain pair combinations. (3) We
applied each potential rotation to all grains in the 3DXRD dataset. For
each potential rotation, we calculated misorientation, the product of
the inverse orientation of one grain with the orientation of the other,
between each grain in the 3DXRD dataset and the closest grain in the
LabDCT dataset (closest meaning minimum misorientation, in this
instance). The rotation that yielded the lowest average misorientation
value was selected. (4) To further refine the rotational alignment
between the 3DXRD and LabDCT datasets, a fine adjustment with a

small extra rotation was determined based on further minimizing the
average misorientation value. Grains with misorientation values below
0.25° among the rotated grains were paired. (5) Using the rotationally-
aligned grain pairs resulting from Step 4, the 3DXRD grains were
translated to match the LabDCT grains. The translation correction was
selected as the one that minimized the distances between the paired
grain centroids. (6) To further refine the translational alignment
between the 3DXRD and LabDCT datasets, a fine adjustment with a
small extra translation was determined based on minimizing the
average centroid distances. After this step, the grain pair list was re-
calculated, this time based on centroid distances below 0.2 mm. A final
grain pair list was determined based on misorientation values below
0.25° and centroid distances below 0.2 mm. (7) Steps 1-6 were repe-
ated with different initial grains (rotations) selected in the first step to
eliminate any bias errors.

Following dataset alignment, we used only grains that are loca-
ted within the illuminated volume that is common to all three data
sets. This resulted in a 1x1x1 mm? volume for the benchmarking
validation study. We investigated the parameters associated with the
paired grains, i.e., the grain centroids, grain-averaged elastic strain
tensors, grain-averaged crystallographic orientations, and relative
grain volumes. Through careful comparison and examination of the
differences and distributions observed in these measurements, we
comprehensively characterize and validate the Lab-3DXRD
technique.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated during the current study are available from the
corresponding author on request.

Code availability
The codes used for background removal and preprocessing of
acquired images is freely available for download at https://github.com/
seungheeAoh/lab3Dxrd.
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