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ABSTRACT

Triple junctions, intersections of three or more grains in polycrystalline solids, are known locations of potential
stress concentration and strain localization. In this work, intragranular lattice curvatures and elastic strains are
measured at triple junctions via a novel zoom-in style combination of synchrotron X-ray techniques. Addition-
ally, this work revisits the impact of including elastic strain gradients while calculating the dislocation density
within embedded grains via the Nye dislocation tensor. Without elastic strain gradients, the dislocation density is
underestimated at a hotspot by 27% of the maximum dislocation density value. Spatial regions near triple
junctions are found to contain both the highest values of the intragranular misorientations metrics and generally
higher values than grain boundaries (between two grains). A heterogenous distribution of intragranular
misorientation, elastic strain, and dislocation density is measured within a grain along a single triple junction
line, and the triple junction line end points (quad points) exhibit substantially different micromechanical fields.
This work provides a unique 3D view of triple junctions within individual grains and highlights their spatially
heterogenous intragranular micromechanical response along triple junction lines, especially when compared to
relatively less complex behavior along grain boundaries. While a grain averaged example is provided of inter-
granular strain across grains, several examples of intragranular strain were visualized near a triple junction. The
combined analysis of intragranular lattice curvature (associated with strain metrics) and elastic strain (associated

with stress) provides a more complete characterization of the 3D sub-grain fields than previously reported.

1. Introduction

Triple junctions, a sub-set of grain boundaries, play a critical role in
the deformation of polycrystalline structural alloys. While standard
grain boundaries connect two grains, triple junctions connect three or
more grains to form a network surrounding each grain. Grain boundaries
in general act as barriers to dislocation motion and can cause dislocation
pile up, leading to stress concentration and potentially crack initiation
[1]. With the additional geometric compatibility constraint of multiple
grains intersecting at triple junctions, elastic and plastic anisotropy has
the potential to create a further concentration of stress. Past works have
explored triple junctions and their ability to act as stress/strain con-
centrators and demonstrated that triple junctions can be regions of
either high or low stress [2,3]. However, additional investigation is
required as past works have often focused upon: triple junctions in tri-
crystals, where the effect of a single triple junction is isolated [3], 2D
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surface measurements where the out-of-plane constraint is lacking [4],
or computation models which may not fully capture the magnitude of
localization at triple junctions [5,6]. 3D characterizations, with intra-
granular resolution, are needed to isolate triple junctions from grain
boundaries and fully investigate the effect of triple junctions on the
surrounding microstructure.

Past works have shown triple junctions behave differently during
deformation than standard grain boundaries and that the stress state
surrounding triple junctions is often multiaxial with steep gradients.
Experimental microhardness testing examining triple junctions showed
that hardening at triple junctions was lower at intersections of low-angle
and special (coincident site lattice) boundaries as compared to randomly
orientated grain boundaries [7]. Separating triple junctions from grain
boundaries, nanohardness testing completed upon different spatial re-
gions of a polycrystal demonstrated that triple junctions exhibited a
harder response than general grain boundaries [8]. The studies, which
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Fig. 1. (a) EBSD orientation map (inverse pole figure representation) showing the microstructure of the sample after the chosen heat treatment, (b) macroscopic
engineering stress vs engineering strain for a (c) dog bone style sample with the rolling direction (RD) indicated.

found the stress response surrounding triple junctions to either increase
or decay in the vicinity of triple junctions, indicated that the stress
response is dependent on the elastic anisotropy between grains caused
by orientation dependent stiffness differences [3] and the direction of
loading with respect to the triple junction line [5]. However, experi-
mental data capturing this complex microstructural response sur-
rounding triple junctions is lacking, particularly from within the bulk of
a polycrystal where influences from neighboring grains are present.

With the potential for stress concentration at triple junctions, past
modeling studies have identified triple junctions as sites of crack initi-
ation [9] and experimental fatigue testing further observed crack
nucleation at triple junctions, particularly those composed of random
grain boundaries [10]. Similarly, one recent 3D electron backscatter
diffraction (3D-EBSD) investigation found that slip bands often formed
at triple junctions made up of two or more random grain boundaries,
highlighting the potential for additional slip activity near triple junc-
tions [11], while another found that triple junctions exhibited higher
stresses and grain reorientation than other grain regions [12]. Surface
characterizations have also identified triple junctions as locations with
stand-out local slip activity. Fine slip band structures were observed
after very high cycle fatigue, primarily at triple junctions [13], and triple
junctions have been observed to be local sites of multiple slip activation
[14]. Additionally, a study in columnar-grained nickel found that for all
triple junctions investigated, at least one grain displayed slip activation
on a slip system, which deviated from the expected single crystal
response [4]. In general, triple junctions have been found to be locations
deviating from the bulk of the grain both in slip activity and as regions of
highly multiaxial stress states highlighting the need for 3D experiments
to capture intragranular metrics of both stress and plastic strain.

Such 3D characterization of the intragranular micromechanical
fields would also allow for the investigation of the spatial gradients, and
by extension, the dislocation density, further capturing the microstruc-
tural response near triple junctions. As introduced by Nye [15], the
dislocation density can be related to the Nye dislocation tensor, which
Kroner further related to the elastic distortion on the crystal lattice and
thus spatial gradients in both lattice curvature and elastic strain [16]. In
recent years, advancements in experimental techniques have led to the
introduction of  high-resolution = EBSD (HR-EBSD)  where
cross-correlation techniques allow for high angular and strain resolution
surface measurements [17,18]. Through such techniques, or the 3D
synchrotron X-ray technique differential aperture X-ray microscopy
(DAXM) [19,20], measurements of the local lattice distortion have been
used to determine the dislocation density across multiple material sys-
tems [21-26]. Often, the contribution of elastic strain gradients in
calculating the dislocation density is considered to be negligible

compared to the gradients in lattice curvature; this is supported by
measurements made in past works [22,26]. However, these measure-
ments have either been made via 2D surface techniques, where
out-of-plane measurements cannot be captured and stresses may relax,
or relatively small volumes with few grains.

In this work, a full-field analysis of a bulk polycrystal is examined
after cyclic loading to identify individual grains of interest for further
high-resolution characterization of the intragranular plastic and elastic
metrics via an innovative zoom-in approach. An Al-Li specimen was
initially characterized with high energy X-ray diffraction microscopy
(HEDM), to measure intergranular elastic strains, and diffraction
contrast tomography (DCT), to capture the entire volumetric micro-
structure. Then individual grains were further examined via a zoomed-in
technique using dark field X-ray microscopy (DFXM) for 3D interroga-
tion of the intragranular micromechanical fields with high spatial and
angular resolution. Statistical comparisons between triple junctions and
grain boundaries are made to determine if the intragranular micro-
structure at triple junctions within individual grains presents a different
micromechanical response than at grain boundaries. Then the spatial
heterogeneity along a single triple junction, extending from one quad
point to another, is explored to demonstrate the heterogenous intra-
granular microstructural response possible along individual triple
junctions. Finally, the relative contributions of elastic strain and lattice
curvature gradients to the Nye dislocation tensor are compared to
evaluate the negligibility of elastic strains in determining the dislocation
density. Such investigations are made possible by linking multiple ex-
periments across length scales to capture both the grain average and
intragranular material response.

2. Material and sample preparation

Careful specimen and material development were needed to satisfy
the experimental requirements of cyclic loading, HEDM, and DFXM. The
specimen was designed to fit within the rotational and axial motion
system (RAMS), which allows both cyclic loading and a full 360° un-
obstructed HEDM scan range [27]. To allow the timely interrogation of
multiple grains via DFXM, cyclic loading was designed to impart only
small amounts of plasticity to the specimen and prevent lengthy DFXM
scan times due to the increased misorientation introduced during
deformation. Lastly, DFXM required the specimen to: (i) be adaptable to
fit upon the goniometer stage [28], (ii) have low attenuation to facilitate
the desired X-ray energy without needing extraction methods as used in
past works [29], and (iii) contain equiaxed structured grains with di-
ameters less than 100 pm to fit within the detector’s field of view.

With these requirements, an Al-Li (2.5 wt% Li) binary alloy, with a
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Fig. 2. (a) NF-HEDM and (b) DCT 3D grain map reconstructions (inverse pole
figure representation with the loading axis as reference). The green and blue
arrows help track individual grains between the two reconstructions. (c¢) Cu-
mulative distribution functions of grain diameters for both HEDM and DCT
reconstruction. (d) Final specimen design with the rolling direction indicated.

a) b)

Stress Along the
Loading
Direction (MPa)

60
-~ 40
20

Loading
Direction

Fig. 3. NF-HEDM reconstruction with grain morphologies colored with their
corresponding stress along the loading direction from FF-HEDM for (a)
Unloaded - Prior to loading, (b) Peak load (65 MPa) — First cycle, (c) Peak load
(55 MPa) - 100th cycle, (d) Unloaded — After loading. (For interpretation of the
references to color in this figure, the reader is referred to the web version of
this article.)
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Fig. 4. Experimental DFXM schematic with [X;,X2,X3] the lab coordinate
system and [¢y, , ¢y, ] the rotational tilts provided by a goniometer stage. X-rays
proceed from left to right where they either diffract from the lattice planes of a
single grain by satisfying Bragg’s law, or continue through the grain. Diffracted
X-rays which are accepted by the objective lens are magnified and collected
upon an area detector placed downstream. The magnified DFXM image is a
region of interest from the detector images showing the summed intensity over
all images from a single combined mosaicity and elastic strain DFXM scan
(specifically grain 4).
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Fig. 5. Relative locations of each grain within the DCT reconstruction from: (a)
the same perspective as shown in Fig. 2, (b) a top-down perspective. Colors of
individual grains are arbitrary to provide sufficient contrast for viewing.

TiB, grain refiner, was tailored specifically to meet the required material
properties and specimen designed to facilitate easy HEDM and DFXM
scanning. The material was cast, then hot rolled to a 6 mm thickness, and
finally cold rolled to a final thickness of 3.5 mm with cold rolling di-
rection perpendicular to the hot rolling direction. With the plastic
deformation induced from cold rolling to facilitate recrystallization,
heat treatment trials were conducted to achieve the desired grain size
and structure. These trials resulted in a final heat treatment of 3.5 min at
500°C followed by a water quench. An EBSD image of the resulting
microstructure is shown in Fig. la with the majority of grain sizes
measuring less than 100 pm in diameter. During later HEDM scanning it
was found that regions of the microstructure were left partially un-
recrystallized; however, due to experimental capabilities, these re-
gions were avoided during DFXM scanning and did not affect the sci-
entific objectives of this work. Initial mechanical testing was completed
upon dog-bone shaped specimens (Fig. 1c) which were machined via
wire electrical discharge machining (EDM) with the loading axis along
the hot rolling direction. Mechanical testing was done on a Mark-10 load
frame, and the resulting stress versus strain plot is shown in Fig. 1b with
the proportional limit determined to be 100 MPa. The final specimen
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Table 1
Grain statistics from DCT and DFXM.
Volume (x10°° mm®) Non-local Curvature IGM () 3DKAM (*)
Grain Equivalent Diameter DCT DCT DFXM Difference Percent Percent Mean Standard Mean Standard
(pm®) DCT — DFEXM Positive Negative Deviation Deviation
DFXM

1 58.49 10.5 9.41 11% 82.0% 18.0% 0.114 0.0655 0.0290  0.0138

2 57.42 9.91 9.22 7% 67.5% 32.5% 0.0660  0.0370 0.0157  0.0078

3 56.32 9.36 10.8 —14% 73.6% 26.4% 0.1350  0.0824 0.0221 0.0117

4 45.44 4.91 5.60 —-12% 79.7% 20.3% 0.0244  0.0150 0.0067 0.0032

5 39.31 3.18 3.85 —-17% 87.1% 12.9% 0.0233  0.0146 0.0071 0.0028

6 30.38 1.47  2.56 —43% 87.6% 12.4% 0.0139  0.0078 0.0050 0.0021
design is shown in Fig. 2d with grips compatible for the RAMS device 3.2. DFXM

and a 500 pm square cross section. These specimens were also machined
via EDM with loading axis along the original hot rolling direction. Be-
tween the small cross section and choice of material, the specimen did
not require further area reduction nor grain extraction to allow for
DFXM characterization. After the HEDM experiment, the grips of the
specimen shown in Fig. 2d were removed via EDM and the specimen was
glued upon a cylindrical pin to fit in the DFXM goniometer stage; no
cutting was conducted near the gage section, maintaining the defor-
mation state after cyclic loading.

3. High energy X-ray characterizations, reconstructions, and
analyses

3.1. HEDM and DCT

HEDM characterization and cyclic loading was carried out at the
Cornell High Energy Synchrotron Source (CHESS), at the Forming and
Shaping Technology beamline (FAST), followed by a secondary DCT
characterization at the European Synchrotron Radiation Facility (ESRF),
at beamline ID11. Further details regarding the HEDM and DCT re-
constructions, shown in Fig. 2a and 2b, respectively, are contained in
Appendix A. The reconstructed and aligned microstructures of both
HEDM and DCT are compared in Fig. 2c with average grain diameters of
31.6 pm and 16.8 pm, respectively, and an observed (001) residual
texture. The difference in grain size distribution, as shown in Fig. 2c is
due to experimental differences; NF-HEDM and DCT can produce similar
results given identical experimental conditions [30]. Here, a different
X-ray flux and exposure time allowed DCT to capture smaller grains
missed by HEDM resulting in DCT capturing ~19,000 grains, while
HEDM captured ~3,000 grains. All grains characterized by DFXM were
indexed by both HEDM and DCT. During the experiment at CHESS, the
sample underwent cyclic loading to impart light deformation to the
grains. The specimen was cycled in displacement control between
displacement points set during the first cycle corresponding to 65 MPa
and ~3 MPa and the maximum displacement set point was maintained
throughout cyclic loading resulting in stress relaxation as quantified in
Fig. 3. The loading parameters were selected to impart deformation,
while restricting the excessive lattice distortion that would prevent the
use of DXFM characterization. The spatial distribution of grain averaged
stresses within the specimen during loading is presented in Fig. 3 where
the individual grain morphologies reconstructed via NF-HEDM are
colored with their corresponding grain averaged stress along the loading
direction as calculated from FF-HEDM. The grain averaged stress tensors
were calculated from the elastic strains reconstructed from FF-HEDM via
the anisotropic form of Hooke’s law with stiffness values of [Cy7, Ci2,
C44] = [110, 58, 30] GPa [31]. The grain averaged stresses, reor-
ientations, and peak widths (as performed in Gustafson et al. [32]) were
tracked throughout loading for the grains probed via DFXM; however,
these grain average measurements were determined to be insufficiently
resolved to capture indication of local microstructural evolution and
provide comparison to the intragranular micromechanical fields which
were captured by DFXM.

With initial characterization and cyclic loading complete, multiple
grains within the specimen were identified as grains of interest and
zoomed into to enable higher resolution characterization of the intra-
granular characterization of lattice curvature and elastic strain via
DFXM [33-36]. DFXM aligns a single grain such that a set of lattice
planes are in the diffraction condition, illuminates a thin slice of the
material (typically <1 pm), and rotates the grain via small orthogonal
tilts shown in Fig. 4 as ¢, and ¢x,. By placing an objective lens in the
diffracted signal, the X-rays are both filtered, such that only X-rays
within the numerical aperture of the microscope are transmitted, and
magnified to produce a spatially distributed image on an area detector
placed downstream. By applying small tilts about the orthogonal di-
rections, the spatial distribution of two components of lattice curvature
are probed, since only regions of the illuminated crystal lattice that
satisfy Bragg’s law will diffract and transmit signal to the detector.
Further, by sweeping the tilt of the objective lens along 26, the spatial
distribution of lattice spacing is determined from which a single
component of the elastic strain can be calculated:

1 A26

=7 Tan(0) 1

where, ¢ is the component of elastic strain normal to the lattice planes of
interest, and 0 is the Bragg angle which satisfies Bragg’s law for the
crystallographic planes of interest. Twice the Bragg angle, 26, is the
scattering angle, and A20 represents the objective tilt which probes
small deviations of the scattering angle. The value of a scanned
component, ¢y, , Px,, or 26, for each voxel is calculated by summing the
intensities along the other scanned components such that an intensity
profile, as a function of a single component, is produced. The value of
the single component for a voxel corresponds to the intensity profile’s
center-of-mass. Measurements of ¢y, are not taken due to the experi-
mental configuration. Through this technique, the angular and elastic
strain values can be determined for each voxel with resolutions on the
order of 0.005° and 5x107° respectively [36,37].

DFXM characterization was conducted at ESRF (beamline ID06-
HXM) on six individual grains with an energy of 17 keV. A condenser,
consisting of 58 1D Be lenses, each with a 100 pm radius, was placed
~720 mm upstream from the specimen to condense the incoming X-ray
beam into a horizontal line of FWHM ~700 nm. The {111} family of
planes was chosen for characterization in this experiment due to their
relevance to crystallographic slip during deformation of FCC metals. As
such, the microscope was placed at the nominal scattering angle of
~17.98°. An X-ray objective comprising 88 2D parabolic Be lenses was
positioned 261 mm downstream from the sample during scanning. In
this position, the objective lenses resulted in a magnification of 18.15. A
far-field detector (scintillator, 10x Mitutoyo objective and PCO.edge
sCMOS camera), with 2560x2160 pixels, was placed 5 m from the
sample and, with the experimental setup, had an effective pixel size of
124 x40 nm. To connect the reference frames between HEDM, DCT, and
DFXM the loading axis of the specimen was aligned approximately along
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Fig. 6. Comparison of extracted metrics (rows) for each grain (columns). Extracted metrics are: DCT reconstruction based on the inverse pole figure representation,
intragranular misorientation (IGM), 3D kernel average misorientation (3DKAM), non-local curvature, triple junctions (TJs) vs grain boundaries (GBs) depictions, and

voxels within the 95th percentile of the IGM (shown as opaque voxels).

the X, axis. For diffraction, the (111) lattice planes must have their
normal aligned in the X3, X; plane. To achieve this for grains within a
polycrystal, tilts up to 12° about the other two axes were required. Such
tilts were approximately the limit of the motor range on the goniometer
stage for this experiment and as such, grains which would require
greater rotation to bring into the diffraction condition were unable to be
aligned. This limitation, coupled with restrictions of detector placement,
prevented the DFXM scanning of two adjacent grains during this

experiment. There are two distinct scan types, which will be discussed in
this work, mosaicity scans and combined mosaicity and elastic strain
scans. Mosaicity scans sweep through both ¢y, and ¢y, to capture the
intragranular lattice curvature of the planes of interest. Combined
mosaicity and elastic strain scans conduct multiple mosaicity scans
along a range of 26 values to additionally capture the intragranular
elastic strain. Here, the mosaicity scans were all taken with a [¢x, , ¢x,]
step size of [0.04°, 0.01°] and range of at least 0.4° for each tilt (some
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scans required a larger tilt range to fully characterize the internal
orientation spread). Combined mosaicity and elastic strain scans were
conducted on one of the interrogated grains with the addition of a 26
step size and range of 0.01° and 0.1°, respectively. Due to the motion of
the images upon the detector during scanning of 20 caused by non-
uniform vertical microscope movement, each set of images in a com-
bined mosaicity and elastic strain scan were manually shifted in detector
space prior to reconstruction [29]. Data reconstruction was completed
via an in-house MATLAB script adapted from Simons et al. [33].
Individual DFXM scans are completed upon ~700 nm slices of a
grain along X3, and if multiple DFXM scans are taken for each grain, post
experiment assembly is required to reconstruct the 3D morphology of
each scanned grain. Each DFXM scan has its images cleaned by applying
both a dark image subtraction and a universal intensity subtraction of 15
counts as determined by image inspection after dark subtraction. After
cleaning, the multiple scans constructing each grain are stacked within
MATLAB along the X3 direction and a shift along X; is applied to each
scan corresponding to the expected image movement upon the detector
due to specimen translation. In some cases, a single grain was interro-
gated with multiple chunks of several scans, each during the experiment;
the separate 3D spatial volumes resulting from such chunking of the

grain were registered by matching morphological features of over-
lapping scans. Once the individual scans were stacked vertically, the 3D
morphology of the grain was masked by removing all voxels with in-
tensity less than 10% of the maximum and in the mosaicity re-
constructions the grain boundary was smoothed via a 2D convolution
applied to the individual slices (about X; and X5). The threshold value
was chosen to produce the most consistent morphological match be-
tween the grains in DCT and DFXM when superimposed in Paraview. To
capture the expected higher deviations of ¢x, and ¢y, near the grain’s
boundary, mosaicity scans rocked the entire extent of each grain’s ¢y,
and ¢y, ranges. The 3D volumes produced via this method have a voxel
size of [X7,X2,X3] size [124, 40, ~600 to 2,000] nm where the final
dimension is determined by the calculated translation of the specimen
along X3. During reconstruction, the grain volumes were investigated for
direct evidence of the TiB, grain refiner which, depending on process-
ing, can have particle sizes varying from tens of nanometers to several
micron [38,39]. Such particles can act to pin grain boundaries and will
influence the local micromechanical fields measured by DFXM. In gen-
eral, particles larger than the voxel size would cause a noticeable in-
tensity extinction within the DFXM images, while particles less than the
voxel size cannot be directly distinguished from crystallographic
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this article.)

disorder. Since the grain boundary of DFXM is defined by intensity, any
intensity extinction due to a TiBy particle at the grain boundary is not
distinguishable from an adjacent grain. As such, direct evidence of the
TiB; particles was not observed within the grains interrogated by DFXM.
While these particles will nevertheless influence the surrounding grain
matrix, their influence are not considered to impact the conclusions of
this work.
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3.3. Intragranular analysis methods

Once each grain was reconstructed in 3D, metrics evaluating the
intragranular misorientation, elastic strain, non-local curvature, and
location of triple junctions were constructed. For each grain, the average
values of ¢y , ¢x,, and, where applicable, 26 were calculated and sub-
tracted from the 3D spatial arrays producing deviations in lattice cur-
vature and elastic strain relative to the grain average. From these values,
additional intragranular arrays were calculated. An intragranular
misorientation (IGM) was calculated via the square-root of the sum of
squares of ¢y, and ¢y, at each voxel which describes the relative amount
of lattice curvature deviation from the grain’s average value. A 3D
kernel average misorientation (3DKAM), similar to EBSD’s 2D KAM, was
calculated at each voxel to provide indication of local orientation
changes. Here, 3DKAM was calculated by determining the mean
misorientation between a voxel of interest and all neighboring voxels
within ~3 pm (specifically a kernel cube of [X7, X2, X5] size [3,100 nm,
2,920 nm, 3 scans of height ~600 to 2,000 nm]). The intragranular
elastic strain, as calculated through Eq. (1), represents a relative elastic
strain difference compared to the grain average. With the 3D
morphology of each grain, a metric, named non-local curvature here,
was constructed to indicate the degree of protrusion from, or intrusion
into, the bulk of the grain; details of its calculation can be found in
Appendix B. Finally, with spatial registration of the DFXM reconstruc-
tion into the DCT frame, the locations of all triple junctions were map-
ped onto each grain’s surface. This was completed by first removing the
grain of interest from the DCT reconstruction and dilating the sur-
rounding grains to fill the void, then, in Paraview, the DCT grain IDs
were mapped to each surface voxel of the DFXM reconstruction. Triple
junctions were defined as any voxel within 1 pm of the boundary be-
tween two adjacent grains upon the surface of the DFXM reconstructed
grain.

Finally, with 3D intragranular orientation and elastic strain fields,
lattice curvature, and elastic strain gradients were calculated to
construct components of the Nye dislocation tensor [21,40]. The Nye
tensor, ay, is related to the elastic distortion tensor, fj, via Eq. (2):

%,

Ay = —€Epi—r 2
ik €xlj o) (2)
where ey is the Levi-Civita (permutation) symbol. The elastic distortion
on the lattice (Eq. (3)) can be separated into the symmetric elastic strain
tensor, &, (Eq. (4)), and anti-symmetric lattice rotation tensor, w;;, (Eq.
(5)):

By =&+ oy
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Fig. 9. Cumulative distribution functions of the normalized distance to triple junctions of all considered voxels compared to the voxels within the 95th percentile of
(a) IGM and (b) 3DKAM. Only voxels within 1 pm of the grain boundary are considered.
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Table 2
Statistical comparison of the distance to a triple junction of all considered voxels to the voxels within the 95th percentile of either IGM or 3DKAM. Only voxels within 1
pm of the grain boundary are considered.
All Considered Voxels Considered Voxels in the 95th Percentile IGM Considered Voxels in the 95th Percentile 3DKAM
Grain Mean Standard Mean Standard If a voxel is in the 95th percentile, is it Mean Standard If a voxel is in the 95th percentile, is it
(pm) Deviation (pm) Deviation statistically closer to a triple junction (pm) Deviation statistically closer to a triple junction
(pm) (pm) than an arbitrary voxel? (pm) than an arbitrary voxel?
3 3.28 4.14 1.55 1.69 Yes [t(2,957,935) = 189.6, p < 0.01] 3.99 4.30 No [t(3,111,265) = —95.6, p < 0.01]
4 2.82 2.97 1.61 1.95 Yes [t(2,888,574) = 226.3, p < 0.01] 1.77 2.39 Yes [t(3,061,755) = 233.8, p < 0.01]
6 3.15 3.28 1.29 1.39 Yes [t(1,561,213) = 233.5, p < 0.01] 1.43 1.79 Yes [t(1,614,306) = 243.0, p < 0.01]
a) b)
1 —— — 1
' y v
08+ [ % 0.8
c 0.6 : c 0.6
(] N ' (]
] f ’ >
o g / o
004 i b 004
[ ,' ) ——Grain 3 - Voxels within 1 um of Grain Boundaries| LL. A ——Grain 3 - Voxels within 1 zm of Grain Boundaries
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Fig. 10. Cumulative distribution functions of the voxels within 1 pm of the grain boundaries compared to the voxels within 1 pm of the triple junctions for (a)

normalized IGM and (b) normalized 3DKAM.

Table 3

Statistical comparison for both IGM and 3DKAM of voxels within 1 pm of grain boundaries to voxels within 1 pm of triple junctions.

3DKAM
If a voxel is within 1 pm of a

Voxels within 1 pm of
triple junction, is it

IGM

Voxels within 1 pm of

triple junctions
statistically more likely to

If a voxel is within 1 pm of a

Voxels within 1 pm of Voxels within 1 pm of
grain boundaries triple junctions triple junction, is it grain boundaries
tatisticall likely t
Grain Mean Standard Mean Standard statis Kfa Y more fikey to Mean Standard Mean Standard 8
©) Deviati ©) Deviati have higher value of IGM P Deviati ) Deviati have a higher value of
ev(lfi) ton ev(lfi) ton than a voxel which is only ev(l;a) ton ev(l?) ton 3DKAM than a voxel which is
within 1 pm of a grain only within 1 pm of a grain
boundary? boundary?
3 0.1456 0.0951 0.1590 0.0965 Yes 0.0285 0.0156 0.0283 0.0152 No
[t(3,921,585) = 127.2,p < [t(3,921,585) = —11.8,p <
0.01] 0.01]
4 0.0316 0.0184 0.0347 0.0204 Yes 0.0099 0.0044 0.0112 0.0052 Yes
[t(3,513,010) = 138.1,p < [t(3,513,010) = 225.6, p <
0.01] 0.01]
6 0.0175 0.0095 0.0202 0.0098 Yes 0.0066 0.0027 0.0074 0.0029 Yes
[t(1,906,774) = 177.1,p < [t(1,906,774) = 188.7, p <
0.01] 0.01]
exx Exx, Exuxs components of f; were thus measured as:
& = | Exx, Enx. €xnx 4)
’ ’ = — Ry, =—¢ 6
e Exx €, P = xx, X bx, ©
0 —Ry, Ry By = Yxpx, TRy = ¢y, @)
Wi = RX3 0 7RX1 (5)
—Ry, Ry, 0 Pz = €x;x, = € (8)
With the geometry as described by Fig. 4, the measured elastic strain
component is approximately along the X3 direction (rotation about X, of

where Ry, are counter-clockwise rotations about the principal directions
and all indices are expressed in the DFXM lab frame. The (¢y, , ¢x,) in-
formation collected during DFXM scans measures small changes to the
lattice normal (lattice curvature), while the components of the elastic
distortion tensor are measured to a first order approximation [41].
When only scanning a single set of lattice planes, DFXM measures the
lattice curvatures ¢y, , ¢x,, and the component of elastic strain normal to
the (111) planes of interest. As outlined in Appendix C, three

half the scattering angle 26/2 ~ 9°). Without additional strain compo-
nents, the measured component of elastic strain normal to the (111)
planes of interest will be substituted here for ex,x, and will be labeled
simply e. From the three measured components of the elastic distortion
tensor, three components of the Nye tensor are calculated as:
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With three individual components of the Nye dislocation tensor, the
dislocation density can be estimated through an entrywise 1-norm [42]
where a scaling of k is applied as appropriate for the number of com-
ponents constructing the Nye tensor, which are collected from DFXM
[24]:

1 1
ﬂmkEHa”l:kE DD ai] (10)
T

Here, p is an estimation of the dislocation density and b is the magnitude
of the Burgers vector as described by Eq. (11) for FCC crystals:

a
b =7 an

where a is the unstrained lattice spacing as determined from HEDM for
this specimen (0.404532 nm). The scalar k has a value of 30/9 when
calculating the dislocation density including the contribution of the
elastic strain gradients and 30/7 when not including them [24]. Such an
approximation of the dislocation density has been shown to reveal
similar qualitative distributions as seen from methods which solve for
separate dislocation types through minimization schemes [26]. Lastly,
DFXM’s ability to capture the spatial gradients in a sample with light
deformation was evaluated by estimating the background noise
observed in the reconstructions. The method described by Kamaya [43]
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Fig. 11. (a) Triple junctions of grain 4 as
shown in Fig. 6. (b) Relative location of com-

bined mosaicity and strain reconstruction to the
mosaicity reconstruction of grain 4. (¢) Zoom-in
of a particular triple junction of grain 4 using

Grain 4

Perspective 1 with lines AB and BC indicating
the extracted voxels along the triple junction
used in Fig. 16. Perspective 2, normal to Z, is
used in Fig. 12-14. DCT coordinate system
provided as X, Y, Z with loading direction along
Z. DFXM coordinate system for grain 4 provided
as 2, 7/, Z with loading direction approxi-
mately along 7 and [, 7/, Z] = [X1,X2,X3]
during DFXM scanning of grain 4. Both coor-
dinate systems correspond only to sub-figures
(a) and (b). The red reference arrow in (b)
points to the same cusp like feature from Fig. 7.
(For interpretation of the references to color in
this figure, the reader is referred to the web
version of this article.)

Triple Q.uad
Junction Point C
Point B
X Z

for calculating the background noise in EBSD spatial gradients was
adapted to estimate the background noise in the DFXM spatial gradients
along each principal direction (X;,X2,X3) and measured component (¢y, ,
¢x,, €); details can be found in Appendix D. To increase the signal to
noise ratio, the raw intensity data in the combined mosaicity and elastic
strain dataset of a single grain was spatially binned prior to calculating
the center-of-mass values for each measured component (¢y,, ¢x,, €)
resulting in a voxel size, and therefore gradient step size of [X;, X3, X3] =
[248, 240, 995] nm. The background noise in the spatial gradients for
the combined mosaicity and elastic strain scans was determined to be no
more than 40 1/m for the binned reconstruction.

4. Results

Six grains were interrogated through DFXM mosaicity scans and
were then spatially linked to the overall DCT reconstruction (Fig. 5).
From this spatial link, grains 2 and 3 were identified to share a coherent
twin boundary, and the orientation relationship between these grains
allowed simultaneous DFXM interrogation of their shared (111) planes.
The DFXM reconstruction of these grains was later separated manually
in Paraview by using the lower intensity observed along the coherent
twin boundary as a guide. From Table 1, Grains 1-3 display much higher
average values of IGM (>0.060°) and 3DKAM (>0.015°) as compared to
grains 4-6 (IGM<0.025° and 3DKAM<0.008°). The low average values
of IGM and 3DKAM, and small size, of grains 4-6 are consistent with
expectations of fully recrystallized grains [35]. As such, Fig. 6 displays
all grains and Fig. 7 isolates grains 4-6 with adjusted IGM and 3DKAM
color bars to better visualize their intragranular metrics. An excellent
morphological match was observed between DCT and DFXM (Fig. 6),
and Table 1 presents the calculated volumes of each grain from both
techniques. From the conducted range of the DFXM characterization, the
entire morphologies of grains 3, 4, and 6 were captured based on
comparison with the DCT reconstruction. Of these grains, two were
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Fig. 12. Plot of individual lattice rotation and elastic strain gradient components from a single slice of the combined mosaicity and strain reconstruction of grain 4 as
viewed by Perspective 2 in Fig. 11. The elastic strain, ¢, is the component normal to grain 4's (111) plane of interest. The black reference arrow points to the region of
grain 4 directly below the red reference arrow in Fig. 7 which identified the cusp like feature. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)

within a 15% difference between the techniques, with DCT under-
estimating the grain volume. This underestimation is larger in grain 6,
where its small size likely led to a relatively lower intensity in its indexed
diffraction spots, thus producing a smaller reconstructed morphology.
The spatial distributions of the non-local curvature of grains 3, 4, and
6 were compared to each grain’s triple junction network, IGM, and
3DKAM. Fig. 7 displays a zoomed in image of grain 4's non-local cur-
vature to highlight the metric’s ability to capture both protrusions from
and intrusions into the bulk of the grain (colored red and blue, respec-
tively). Visual inspection of Figs. 6 and 7 found that triple junctions
tended to run along regions of high non-local curvature, and that quad
points often lay at local maxima of non-local curvature. A complex
geometrical feature (cusp like) on grain 4 is pointed to by a red arrow in
Fig. 7 is identified by a rapid change from positive to negative non-local
curvature. This region highlights 3D spatial complexities at grain
boundaries that are not discernable with lower resolution/2D tech-
niques. Notably, the DFXM mosaicity reconstruction measured grain 4's
highest values of IGM and 3DKAM to be localized at this cusp with 0.20°
and 0.08°, respectively. To investigate the possible connection between
high values of IGM or 3DKAM (values in the 95th percentile) and non-
local curvature, the voxels in the respective 95th percentiles of the

10

IGM and 3DKAM were isolated from the rest of the grain’s voxels, as
shown in Figs. 6 and 7. From Fig. 8 it was found that for all three grains,
the surface voxels in the 95th percentiles of both IGM and 3DKAM
exhibited, on average, higher values of non-local curvature than arbi-
trary surface voxels. In general, this points to protrusions from the
grain’s surface tending to exhibit greater values of IGM/3DKAM than
intrusions into the grain’s surface.

The intragranular microstructural behavior at triple junctions was
statistically and visually compared to that of grain boundaries for grains
3, 4, and 6. To do this, grain boundaries were defined as all voxels within
1 pm of each grain’s surface, and triple junctions as all voxels within 1
pm of the networks shown in Figs. 6 and 7. All statistical comparisons
were made via two-sample T-tests (t(degrees of freedom) = t statistic)
with a significance level of 0.01. It was first investigated if high values of
IGM and 3DKAM tended to lie spatially closer to triple junctions than
grain boundaries. From Fig. 9 and Table 2, it was found that for all
grains, the voxels in the 95th percentile of IGM tended to lie closer to
triple junctions than grain boundaries; grains 4 and 6 showed a similar
trend with 3DKAM. The reverse trend was then explored: if the
measured values of IGM and 3DKAM at triple junctions were higher than
at grain boundaries. From Fig. 10 and Table 3, triple junctions of all
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Fig. 13. Nye tensor components, (a) a3y, (b) aso, (¢) o33 from a single slice of the combined mosaicity and strain reconstruction of grain 4 as viewed by Perspective 2
in Fig. 11. Cumulative distribution plots comparing the magnitude of each gradient component constructing the individual Nye tensor components (d) a3, (€) a3z, (f)
as3. The elastic strain, ¢, is the component normal to grain 4's (111) plane of interest and its gradient is shown by dashed lines in (d,e) while the lattice rotation

gradients are shown in solid lines.

grains displayed statistically higher values of IGM and 3DKAM than
grain boundaries. The triple junctions of grains 4 and 6 exhibited larger
values of 3DKAM. For all grains, the local microstructure at triple
junctions exhibited both larger deviations of lattice curvature from the
grain average (IGM) and often greater local misorientation (3DKAM)
compared with similar values measured at grain boundaries.

Spatial gradients of lattice curvature and elastic strain were calcu-
lated from a combined mosaicity and elastic strain reconstruction of
grain 4, and then compared to investigate each gradient’s relative
contribution to the Nye tensor. Fig. 11 provides the spatial link between
the mosaicity reconstruction of grain 4 and the combined mosaicity and
elastic strain reconstruction. The red arrow in Fig. 11 is spatially

11

consistent to that in Fig. 7, and the reference frames [7°, 7/, Z] and [X3,
X5, X3] were equivalent during DFXM scans of grain 4. Fig. 12 displays
the gradients of lattice curvature and elastic strain from perspective 2
Fig. 11), with the black arrow identifying a hotspot region spatially close
to the cusp of Fig. 7 (~2 pm). The magnitudes of these gradients,
particularly at grain boundaries and the identified hotspot, were greater
than the expected background noise of 40 1/m, often by an order of
magnitude. Three components of the Nye tensor were calculated from
Egs. (7)-(9) and displayed in Fig. 13, with cumulative distribution plots
comparing the relative contributions from each spatial gradient term.
Statistical comparisons were also made between the two spatial gradi-
ents contributing to each Nye tensor component. Notably, the average
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Fig. 14. Zoom-in of grain 4 as seen through perspective 1. Relative location of the triple junction lines AB and BC with respect to: (a) locations of grain 4's triple
junctions, (b) the combined mosaicity and strain reconstruction. Intragranular metrics from the combined mosaicity and strain reconstruction: (c) IGM, (d) 3DKAM,
(e) elastic strain normal to grain 4's (111) plane of interest, (d) entrywise 1-norm estimate of the dislocation density. The red reference arrows in (a,b) point to the
same cusp like feature from Fig. 7. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

magnitude of the gradient of elastic strain contributing og; was statis-
tically greater than that of the lattice curvature (t(453.852) = 29.1,
p<0.01). Comparisons of the other two Nye tensor components indi-
cated that the gradients of ¢, were larger than, although still compa-
rable to, the gradients of either ¢, or the elastic strain. Overall, the
contributions to the Nye tensor were considered, with the elastic strain
gradients displaying similar magnitudes to the gradients of lattice
curvature.

The intragranular metrics, including the dislocation density, are
extracted to highlight the measured spatial heterogeneity along an in-
dividual triple junction. Fig. 14 displays the intragranular metrics sur-
rounding an outlined triple junction of grain 4 from perspective 1
(Fig. 11). Here the dislocation density was calculated from the measured
components of the Nye tensor via Eq. (10) and all intragranular metrics
were extracted in Paraview just subsurface (~1 pm) from the outline
shown in Fig. 14b. Line plots of the extracted data, extending from quad
point A to quad point C are shown in Fig. 15. Large spreads, relative to
the grain averages, are seen in the intragranular metrics along the

examined 25 pm triple junction. In grain 4, the grain averages of IGM
and 3DKAM from the mosaicity scan are 0.0244° and 0.0067°, respec-
tively. The variation of the IGM and 3DKAM, 0.037° and 0.025°,
respectively, from one point to another along the triple junction are
greater than the grain average values of these metrics. Similar variability
in the elastic strain is measured with a difference of 2.1x10* mm/mm
along the triple junction, compared to the average magnitude of only
1.11x10™* mm/mm. In Fig. 15d, the spatial heterogeneity is of partic-
ular note where the dislocation density is measured to increase by
1.2x10*® 1/m? from one end to another, a change of over 5x the
average value (2.1x10'2 1/m?). Exhibiting significant spatial hetero-
geneity, the intragranular metrics were all found to vary by more than
the measured grain averages along a single 25 pum triple junction.

5. Discussion

For multiple grains, statistical differences in the spatial distributions
of both the IGM and 3DKAM identified triple junctions to exhibit greater

12
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Fig. 15. Line plots extracted from grain 4's combined mosaicity and strain reconstruction of (a) IGM, (b) 3DKAM, (c) elastic strain normal to grain 4's (111) plane of
interest, and (d) entrywise one-norm estimate of the dislocation density, p. Positions A, B, and C in (b) correspond to the line shown along a triple junction in Figs. 11c
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Fig. 16. Entrywise one-norm estimate of the dislocation density from a single
slice of the combined mosaicity and strain reconstruction of grain 4 as viewed
by Perspective 2 in Fig. 11. Hotspot point D is directly below the cusp identified
via a red reference arrow in Fig. 7. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)

values as compared to grain boundaries. General grain boundaries are
regions where two deformation fields intersect and, to maintain
compatibility, the differences in these fields must be accommodated by
elastic strains (stresses), crystallographic slip (often additional slip sys-
tem activation), or both [44,45]. By extension, the crystal lattice at triple
junctions must similarly facilitate compatibility between three or more
intersecting deformation fields. With an additional constraint imposed
by a third grain, triple junctions have been identified in past works as
regions of localized multiple slip activation [11,14] and increased
dislocation density [23]. In this work, metrics of plastic strain are
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Fig. 17. Line plots of data from the line between points D and E as seen in
Fig. 16. (a) comparison between entrywise 1-norm estimates of p with and
without contributions from elastic strain gradient components. (b) percent
difference of the entrywise 1-norm estimates of p in (a) relative to the maximum
p observed.
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captured through IGM and 3DKAM within individual grains along triple
junctions to determine the micromechanical result of such grain in-
teractions. IGM measures the deviation in lattice curvature from the
grain average and 3DKAM captures local misorientation similar to
EBSD’s KAM, which has been linked to dislocation density, specifically
geometrically necessary dislocations (GNDs) [46,47]. Unlike 2D in-
vestigations, the 3D characterization here is capable of identifying all
hotspots and localizations of extreme deviations in lattice curvature and
high local misorientation that exist within a grain. With this in mind, it
was found for multiple grains that the highest values, thus hotspots and
localizations, of IGM and 3DKAM lay statistically closer to triple junc-
tions than grain boundaries. Further, triple junctions, in general,
exhibited greater values of IGM and 3DKAM than grain boundaries.
These findings highlight that with the requirement to satisfy compati-
bility between three or more grains, the lattice near the triple junctions
must misorient (deform), both locally and from the grain average, more
than standard grain boundaries.

At a grain boundary in a polycrystal, the local deformation is known
to be heterogenous as a consequence of maintaining compatibility be-
tween grains; however, without 3D non-destructive characterization,
the micromechanical state at the boundary between deeply embedded
grains cannot be measured accurately. Here, with 3D characterization of
a grain within the bulk of a specimen, the local micromechanical state at
the interface between grains is preserved and measured. Deformation at
the interfaces between grains is influenced by the orientation and
micromechanical state of the neighboring grains during loading. As a
result of this interaction, Fig. 15 demonstrates the significant spatial
heterogeneity characterized along a single triple junction in grain 4.
Additionally, the result of many local grain interactions is captured and
highlighted between the two quad points at either end of the triple
junction. Specifically, quad point C exhibits far larger values of IGM and
3DKAM than quad point A, with quad point C acting as the local maxima
of IGM and 3DKAM and quad point A the local minimum. Further, the
dislocation density of quad point A (2.5x10'2 1/m?) is only slightly
elevated from the grain average (2.1x10'2 1/m?), while at quad point C
the dislocation density is 5x greater (1.1x10'® 1/m?). As these dislo-
cation densities were calculated from measurements of only one (111)
reflection, they are likely underestimated; however, by interrogating a
(111) plane, the plane on which slip occurs in FFC crystals, the majority
of dislocations should be captured. By non-destructively interrogating
the entire length of a triple junction in 3D, the consequence of local grain
interactions during loading is preserved and vastly different micro-
structural responses are measured at the two quad points of the triple
junction. Such a finding highlights the importance of characterizing the
intact, post-deformation micromechanical state to ensure the degree of
heterogeneity at grain boundaries is accurately measured.

The contribution to the Nye tensor from the elastic strain gradients
were found to be comparable in magnitude to that of the lattice curva-
tures. This finding is contrary to many past works from HR-EBSD and
DAXM [26,48]. Here, there are likely multiple influencing factors
leading to similar magnitudes of the elastic strain and lattice curvature
gradients. Specifically, the measurements in this work were taken within
the bulk of the polycrystal, upon a deeply embedded grain, where elastic
strains (thus stresses) are not relieved and the influence of all adjacent
grains is maintained, which is not the case in surface measurements.
Additionally, DFXM is capable of capturing hydrostatic strains unlike
EBSD and DAXM (though this has been seen to have relatively little
effect on dislocation density [25]). Finally, to contextualize this finding,
grain 4 is a relatively small grain in a specimen which underwent only
light deformation; further work would be needed to quantify the relative
contributions for grains exhibiting higher dislocation densities. These
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findings demonstrate that the gradients in elastic strain are similar in
magnitude to the lattice curvatures, and that care should be taken to
evaluate the elastic strains prior to assuming their negligibility when
constructing the Nye tensor.

Accurate measurements of the dislocation density are critical in
identifying localized regions of deformation. To quantify the informa-
tion lost when neglecting the elastic strain gradients in grain 4, Fig. 16
views the dislocation density through perspective 2 and indicates a line
stretching between two hotspots. In Fig. 17, the intragranular informa-
tion along this line is extracted and two cases of the dislocation density
are shown, one where the elastic strain gradient is included in the
calculation and the other where it is assumed to be negligible. Fig. 17a
shows that the trends in the dislocation density are still captured if the
elastic strain gradient is ignored. Although, in neglecting the elastic
strain gradients, an accurate measurement of the magnitude of dislo-
cation density is lost in critical regions such as the hotspots at points D
and E. At points D and E, without accounting for elastic strain gradients,
the dislocation density is overestimated by 37% and underestimated by
27%, respectively, relative to the maximum value seen in the entire
reconstruction (2.1x10"% 1/m?). With increasing plastic deformation,
GND’s will continue to localize (at features such as sub-grain boundaries
and slip band-grain boundary intersections), and create additional hot-
spot regions where elastic strain gradients may be substantial. With lo-
calizations of high dislocation density (specifically GNDs) being an
indicator of damage, characterizations exploring such phenomena must
accurately capture the magnitude of dislocation density which, as shown
here, requires the measurement of elastic strain gradients.

During analysis, additional data interrogations were completed to
explore if connections existed between the grain averaged orientation
and stress information provided by FF-HEDM and the intragranular
measurements of DFXM. With knowledge of the grain boundary mis-
orientations between grains 1-6 and their nearest neighbors, no trend
was observed which would provide indication of the degree of IGM or
3DKAM at the grain boundary based on grain boundary misorientation.
Additionally, the stresses of grain 4 and its neighbors were mapped onto
the twelve FCC slip systems from the grain averaged stress tensors from
FF-HEDM and used to evaluate the possibility of dislocation pile up and/
or transmission at grain boundaries in grain 4. While grains neighboring
grain 4, near the cusp like feature, exhibited high resolved shear stresses
from FF-HEDM, specific instances of dislocation pile-up and/or trans-
mission could not be definitively observed from the DFXM intragranular
metrics of grain 4. Lastly, the intragranular measurements of grains 1-6
were visually investigated for directional connection to each grain’s slip
directions. In the Nye tensor components (Fig. 13) and the estimate of
dislocation density (Fig. 16), line type structures are seen to align along
the vertical direction (approximately ”). While some of these features
were found to roughly align visually with the slip directions when cross-
sections of the DFXM reconstructions were viewed normal to their {111}
planes, many features did not align. In general, future experiments are
yet needed to explore further the 3D intragranular micromechanical
fields surrounding dislocations structures and across grain boundaries in
embedded grains of a polycrystal.

6. Conclusions

Triple junctions are spatial features within all polycrystals with
complex geometric compatibility requirements due to the intersection of
multiple crystallographic orientations. As such, triple junctions are
known sites of stress/strain localization; however, a grain’s triple
junction network, in comparison to its grain boundaries, as well as the
entire length of individual triple junctions, have yet to be thoroughly
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examined due to the sparseness of high-resolution 3D experimental neglecting the elastic strain in calculations of the intragranular
datasets. Here, a 3D investigation has been completed by using multiple dislocation density via the Nye tensor in structural alloys. This is
synchrotron X-ray techniques to enable targeted zoom-ins onto six in- highlighted by hotspot regions, where the removal of the elastic
dividual grains and spatial linking across length scales. With the context strain gradient contributions caused deviations in the dislocation
of neighboring grains provided by DCT, the DFXM measurements were density by 37% of the maximum density observed.

used to characterize the intragranular micromechanical fields along all

triple junctions within select grains. This characterization allowed for This work provided a previously unexplored 3D view of triple junc-
voxels close to triple junctions to be statistically compared to voxels tions to expose the spatial complexity of intragranular micromechanical
close to grain boundaries. From the analysis of multiple grains in various fields surrounding triple junctions and points to the need to consider
states of deformation, several findings are presented: triple junctions, known sites of stress and strain localization, in 3D with

the surrounding microstructure left intact, to fully capture the their
e For multiple grains, the high values (95th percentile) of IGM and heterogenous nature.
3DKAM were shown to be statistically closer to triple junctions than
grain boundaries; both IGM and 3DKAM quantify the degree of lat- Declaration of Competing Interest
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Appendix A. HEDM and DCT Experimental Details

HEDM is a X-ray diffraction technique, which rotates a polycrystalline specimen (about the loading axis in this case) while exposed to high energy
X-rays, collects the diffraction events upon downstream detectors, and reconstructs the diffracted signal to provide grain averaged information on each
grain within the polycrystal [49]. Far-field HEDM (FF-HEDM) and near-field HEDM (NF-HEDM) were conducted at CHESS to provide: (i) the grain
averaged orientations, elastic strain tensor, and centroid position (via FF-HEDM [50]) and (ii) the entire 3D polycrystalline microstructure (via
NF-HEDM [51]). DCT [52], which provides similar morphological information as NF-HEDM, was later performed on the specimen at ESRF to facilitate
registration and identification of individual grains of interest in the DXFM experiment. Further information on all techniques can be found elsewhere
[49-52]. The HEDM experiments at CHESS, specifically at the Forming and Shaping Technology beamline (FAST), were conducted with a 41.991 keV
X-ray energy and FF-HEDM and NF-HEDM detector distances of 654 mm and 6.44 mm, respectively. NF-HEDM used a detector system composed of a
LuAg:Ce scintillator, 5x objective lens, and Retiga 4000DC CCD camera, which resulted in images with 2048 x2048 pixels and a 1.48 pm effective
pixel size. FF-HEDM was conducted using two Dexela 2923 detectors producing images of 3888x 3072 pixels of size 74.8 pm. All scanning was done
via five diffraction volumes, each 220 pm tall with 10 pm overlap on either side, which spanned the 1 mm gage length. After completion of the
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experiment, HEDM reconstructions were completed via HEXRD [50] on the individual diffraction volumes then all data was compiled via in-house
MATLAB and Dream3D [53] scripts. The NF-HEDM reconstruction was performed with a 2 pm voxel size and is shown in Fig. 2a, where only vox-
els with confidence greater than 0.6 are displayed. The DCT performed at ESRF (beamline ID11) was conducted with three overlapping diffraction
volumes and captured the same region as NF-HEDM as shown in Fig. 2b. Conducted at 43.6 keV, each DCT scan took 7,200 projections over 360° with
a detector setup (10 pm LSO:Tb scintillator, 10x objective lens and Andor Marana scmos camera) which produced and effective pixel size of 1.22 pm.
The HEDM and DCT reference frames were linked by determining the coordinate transformation which minimized the misorientation between the two
microstructures of multiple known grains simultaneously; spatial registration was performed in Paraview [54].

Appendix B. Non-Local Curvature

The goal of the non-local curvature calculated in this work is to provide a measure of the protrusion from or intrusion into the bulk of a grain in the
region surrounding each surface voxel. With the high aspect ratio voxel shape of DFXM, standard meshing or Delaunay methods proved insufficient to
capture the grain’s surface without losing spatial resolution. As such, a method to calculate a metric of protrusion/intrusion is described below and the
result is shown in Fig. 6 and 7. A zoomed in image of the non-local curvature of grain 4 is shown in the lower right corner of Fig. 7.

The methodology is broken into two steps: initial calculation of curvature at each voxel then smoothing. At each voxel, three orthogonal slices of
the grain’s boundary are taken with respect the DFXM frame. A schematic illustrating the relevant geometry is shown in Fig. B1 where a hypothetical
slice is taken orthogonal to 2" and 7. Upon each orthogonal slice, a metric of local spatial variation (defined here as D) is determined for the voxel of
interest. To do this, two lines are drawn to two other surface voxels on the orthogonal slice which are both ~5 pm away, one on either side of the voxel
of interest. A third line is then drawn between these two voxels forming a triangle; the distance from the voxel of interest to the midpoint of this third
line is defined as D for the orthogonal slice. The sign of the value is positive if the midpoint described lies inside the grain’s surface, negative otherwise.
For points not on the grain boundary in the 2 7/ plane, yet are on the boundary of other orthogonal slices, an 2”7 D value is estimated through a
weighted summation of all D values on the 2”7 boundary. The weights are the squared distances between the voxel of interest and each voxel on the
2 7/ boundary; this method was found to produce reasonable estimations of D. This procedure is completed for the remaining orthogonal slices,
providing three values of D at each surface voxel. A smoothing operation was then performed which took all curvature values in the surrounding 2 pm
region, and, using the surface area of each individual voxel as weights, determined the weighted sum of these three distance values. The three values,
one from each orthogonal slice, were then summed at each voxel to provide a total non-local curvature at each voxel which is displayed in this work.

Grain’s Surface

/ Surface Voxel 2
Voxel of Interest
Herest |

Midpoint

Grain
Interior

Surface Voxel 1

Fig. B1. Schematic visualizing the spatial locations of the individual points relevant during the calculation of non-local curvature.

Appendix C. X-ray Diffraction from a Weakly Distorted Lattice

The following is adapted from Ahl [41] into the coordinate system and notation defined in this work. As derived by Ahl to a first order approx-
imation, the undistorted and distorted reciprocal lattice vectors are related by the elastic distortion tensor, B;:

T=0-/7% @b

where g is the undistorted reciprocal lattice vector (along the lattice normal), E’ the distorted reciprocal lattice vector, and I is the identity matrix.
Given the DFXM lab frame of X7, X5, X3, small deviations of the lattice normal are measured from ?0 = go)A( 3 through the counter-clockwise tilts of ¢;
and ¢,.
Small changes of the scattering angle 26 are also measured by DFXM, and are related to axial strain via Eq. (1). Relating ¢ to the distorted reciprocal
lattice vector and the grain average lattice spacing do:
2n

g = FATES) (C2)
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For small strains, and with gy = 2n/dy, the change in length of the reciprocal lattice vector is:
g=(-¢g (€3)

With this, Eq. (C1) can be re-written to express the distorted reciprocal lattice vector in terms of the measurements made in DFXM:

, 8x1 b,
T =(-F") gXs=|g2| =8| —¢ (c4
/ 1—¢
8x3

From Eq. (C5), three components of the elastic distortion tensor are thus measured:

P = Txx, — Ry, = _‘/)xz (C5)
Py = Yxox, T Ry, = ¢X1 (C6)
ﬁ}} =&xx; =€ (CS)

From the three components of B; identified here, the a3; components of the Nye tensor are calculated as defined in Egs. (7)-(9). Measurements of
the other components of the Nye tensor require DFXM interrogation of additional, non-coplanar, lattice planes.

Appendix D. DFXM Spatial Gradient Noise Floor Determination

DFXM is capable of capturing orientation and elastic strain differences with sensitivity on the order of 0.005° and 5x1075, respectively [36,37];
however, a thorough investigation of the noise floor experienced in spatial gradients from the resulting 3D reconstructions has not been completed.
Such an investigation is critical to ensure that the measurements, and any gradients calculated, are above the background noise observed. Particular to
DFXM, each angular and elastic strain measurement (¢ ,, ¢, €) is conducted with a different angular step size and the spatial resolution that is unique
in all three principal directions (2, 7/, .Z'), requiring each measurement and direction to be probed to ensure all relevant measurements are above the
corresponding noise floors. Here, the approach proposed by Kamaya [43] for determining the intragranular orientation background noise in EBSD
scans is modified and applied to DFXM. With the noise floor between individual pixels determined, the minimum sensitivity in computed spatial
gradients is found via Eq. D1 [55]:

oM\ (AM) g, 1
0K )y BX

J

where M; represents one of the angular/strain component measurements (M1, M2, M3) = (¢, ¢ 4, €), AX; is the gradient step size along a principal

direction in the DFXM frame (X;,X2,X3) = (2, 7,2 ), and AM; is the average difference in a single angular/strain component between a voxel and the
voxels on either side along a principal direction. (AMi)BG]- is the determined background noise for a particular M; and principal direction X;. Lastly,

(‘;—%)BG is the corresponding noise floor in the associated spatial gradient.

The AM; calculation is performed multiple times at each voxel for single M; and Xj, each time determining AM; using voxels progressively further
away from the voxel of interest along each principal direction. To assist in visualization of this calculation, the voxel layout is shown in Fig. D1 for a
single principal direction, where AM,; is calculated between first voxel positions 0 and 1, then 0 and 2, and so on. As distance (voxel position) from the
voxel of interest (voxel 0) increases, the calculated value of AM; is expected to increase. Fig. D2 shows the resulting average AM,; for each angular/
strain component along each direction as a function of distance for the combined mosaicity and elastic strain scans of grain 4 shown in Fig. 11. Here,
two datasets are shown, un-binned data with voxel size [124, 40, 995] nm and binned data with voxel size [248, 2240, 995] nm. Voxel binning was
introduced prior to the calculation of (¢, $,¢) center-of-mass values to increase the signal to noise ratio in DFXM measurements by summing the
intensity profiles from multiple pixels after initial image processing was completed. The binned dataset with voxel size of [248, 240, 995] nm was used
for all calculations of spatial gradients for the manuscript.

In[.[3]2]1]o[2]2]3].]n]

>
Voxel Position Along a
Principal Direction

Fig. D1. Schematic illustrating an increasing voxel position from a center voxel of interest along a single principal direction.

The observed background noise in the spatial gradients were then calculated and found to be below the values of gradients observed in Fig. 12. As
outlined by Kamaya, the y-intercept of each plot in Fig. D2 represents the expected magnitude of background noise, (AM;)p; these values are
tabulated for both un-binned and binned datasets in Table D1. The corresponding background noise in the spatial gradients, as calculated from Eq. D1
are tabulated; the binned data, as used in the manuscript, displayed a general noise floor of <40 1/m. The spatial gradients shown in Fig. 12,
particularly those indicated by the black arrow which are of interest in this work, are larger than the estimated minimum sensitivity of the DFXM
scans, and further demonstrate DFXM’s ability to resolve structural changes with high angular and spatial resolution.
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Fig. D2. AM; vs voxel distance of each angular and elastic strain component for each principal direction.

Table D1
Tabulated values of the noise floors of AM; for each angular/strain component and principal direction as well as the
corresponding background noise of the corresponding spatial gradients.

(AM))g, () o)

= ) (/m)

().,
(M;,X;) Un-Binned Binned Un-Binned Binned
(¢px: ) 6.30E-06 1.31E-06 50.80 5.28
(9e, 7) 8.92E-06 9.11E-06 223.12 37.97
(¢px,2) 3.00E-05 2.81E-05 30.16 28.29
(py: ) 8.19E-07 2.49E-07 6.61 1.01
(by, 7) 1.91E-06 2.72E-06 47.66 11.33
(¢y:Z) 2.75E-05 2.72E-05 27.65 27.38

(continued on next page)
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(AMi)g, ) (%) (1/m)
9X; ) g
(M;,X;) Un-Binned Binned Un-Binned Binned
(e,2) 1.37E-05 2.78E-06 110.21 11.23
(&, %) 1.52E-05 7.26E-06 378.99 30.23
(6,2) 3.59E-05 3.25E-05 36.04 32.68
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