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We demonstrate the capability of a novel Electron Backscatter Diffraction (EBSD) dictionary indexing
(DI) approach by means of orientation mapping of a highly deformed graded microstructure in a shot
peened Aluminium 7075-T651 alloy. A low microscope accelerating voltage was used to extract, for
the first time from a bulk sample, statistically significant orientation information from a region close
to a shot crater, showing both recrystallized nano-grains and heavily deformed grains. We show that
the robust nature of the DI method allows for faster acquisition of lower quality patterns, limited

only by the camera hardware, compared to the acquisition speed and pattern quality required for the
conventional Hough indexing (HI) approach. The proposed method paves the way for the quantitative
and accurate EBSD characterization of heavily deformed microstructures at a sub-micrometer length
scale in cases where the current indexing techniques largely fail.

The texture of a material, i.e., the statistical distribution of the 3D orientations of the crystallites in that material, is
of central importance to the ultimate properties and performance of an engineering component. The orientation
distribution function (ODF) of a polycrystalline material has traditionally been measured using X-ray diffraction
techniques, which provide an average over many grains but no local spatial information. Electron backscatter
diffraction (EBSD), the primary tool for lattice orientation determinations, has filled that gap for the past 25 years,
and has allowed us to understand recrystallization, accommodation of deformation, phase changes, etc. in geol-
ogy and materials science. The conventional pattern indexing method! involves performing a Hough transform
of the pattern to extract linear features known as Kikuchi bands; each band corresponds to Bragg reflection by a
set of crystallographic planes. The grain orientation is then assigned by comparing the relative band arrangement
to a pre-computed table of interplanar angles. One of the primary methods for improving the spatial resolution of
EBSD is to lower the microscope accelerating voltage, which reduces the interaction volume, but has a detrimen-
tal effect on the pattern quality, rendering the indexing process more difficult. A completely new approach which
fundamentally moves away from feature detection is required to overcome the difficulties in characterizing heav-
ily deformed microstructures. In this paper, we achieve the necessary indexing fidelity at low acceleration voltage
using the newly developed dictionary indexing (DI) approach (see methods section, Supplementary material
and??) to examine the microstructure near the peen craters of a shot peened AA7075 T651 aluminium alloy*.
The complex microstructures generated by mechanical deformation processes span multiple length scales
and represent challenging characterization problems. Among the many mechanical processes used to harden the
surface of an engineering component and make it more fatigue resistant, the shot peening process entails shoot-
ing small hard spheres, e.g., fused ceramic beads, at the surface to induce a work-hardened compressive residual
stress state in the near surface layers. Resolving the resulting microstructure requires a technique with a suffi-
ciently high spatial and angular resolution to capture the dynamically recrystallized nanometer scale grains close
to the shot peening surface, which is fast enough to gather microstructural data from a field of view in the ten to
hundred micrometer scale. Currently, a combination of characterization modalities is used to analyze features
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Figure 1. Comparison of traditional and dictionary indexing. Side-by-side comparison of orientation maps
obtained by conventional Hough-based indexing (HI) and the new dictionary indexing (DI) of the same
dataset. Colors (see stereographic projection triangle in the inset) indicate which crystal direction is normal to
the sampling plane.

at different length scales followed by a stitching or a statistical pooling of the data. There have been numerous
studies to characterize the shot peened microstructure in a variety of material systems, including technologically
significant Nickel based superalloys, Titanium alloys and steels>'*. However, none of these studies have been able
to properly characterize the fine microstructure close to the shot crater and retain the context of these regions
within the bulk specimen. In this paper, a new approach based on a combination of low keV EBSD alongside the
newly developed dictionary indexing (DI) approach?? is investigated. It bridges the gap between length scales by
providing both high spatial and angular resolution.

Results

As explained in detail in the Methods section as well as in Fig. 1 of the Supplemental Information, a 10kV EBSD
scan was carried out on a sample plane cut normal through the base of a shot peen crater; the scan comprises
approximately 3.4 million (1,931 x 1,784) EBSD patterns (EBSPs) over an area of 56 x 52 ym?. The diffraction
patterns were indexed using the Hough-based indexing (HI) technique as well as the new dictionary indexing
(DI) technique. Figure 1 illustrates the power of this approach to produce a map from a dataset that cannot be
analysed by the conventional approach in the form of inverse pole figures (IPFs) for the two indexing approaches
for a portion of the complete scan. An inverse pole figure shows the spatial distribution of crystal lattice directions
with respect to a selected sample direction, in this case a direction normal to the scan surface (see Supplemental
Information Fig. 1). The shot peen crater surface is indicated by the white line near the top of the IPFs. It is clear
from Fig. 1-HI that conventional Hough-based indexing is unable to reveal the near-surface nanocrystalline
grains arising from the severe plastic deformation; all black pixels below the white line correspond to unindexed
diffraction patterns. By contrast, after off-line processing of the raw Kikuchi pattern data using the DI approach,
the nanocrystals near the shot peen crater are clearly visible in Fig. 1-DI. In addition, the color gradients across
the larger regions in the center portion of the maps indicate that the lattice orientation changes by tens of degrees
over a distance of a few tens of microns. The recrystallized grains near the crater outline, however, have mostly
uniform coloring (see lower right inset), indicating that these grains are relatively strain-free.

Figure 2a and b show the image quality map using the conventional Hough-based method (a) and the ori-
entation similarity map (OSM, defined in the Methods section) obtained using the dictionary method (b). The
blue outlined insets correspond to the region delineated by a blue hashed rectangle in the upper left corner of
each image; the nanocrystalline grains indicated by the blue arrows appear fuzzy when analyzed with the Hough
method, but are well defined in the OSM. This is expected since the image quality, as defined for the conventional
method, measures the average height of the detected Hough peaks, and in the nanocrystalline region there are
fewer detectable Hough peaks, thus reducing the image quality. The orientation similarity map, on the other hand,
shows a nearly constant intensity inside grains, and a clear intensity decrease at grain boundaries; thus, the grain
boundary network is more clearly delineated using the DI approach. The orange rectangle in the upper right of
Fig. 2b delineates the region used to create the IPF maps of Fig. 1. In the Supplementary Information, additional
maps generated using the dictionary method are available. Figure 2c shows the corresponding backscatter elec-
tron image of the scan region; the second phase particles appear bright on a darker background and several grain
boundaries are visible, decorated with second phase particles. The grain size distributions calculated using the
conventional approach and the dictionary method are shown in Fig. 2d; the Hough method fails to correctly
index the smaller grains (<1 um), resulting in an underestimation of the number of smaller grains in the recrys-
tallized near surface zone.

Figure 3 shows the (001) inverse pole figure (IPF; legend as inset) of the indexed scan points (a) and the kernel
average misorientation (KAM) map (b) obtained using the conventional indexing approach for a 1.5° threshold.
Only a few of the grains close to the shot peened surface are indexed (unindexed points are represented in white);
similarly, the indexing rate is very low in the highly deformed regions, the regions close to the second phase par-
ticles and near grain boundaries. The corresponding IPF map calculated using the dictionary approach is shown
in Fig. 3c; all grains below a threshold size of 0.08 ;zm have been removed (represented in white). The dictionary
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Figure 2. Grain size analysis in the nanocrystalline region. (a) Image quality map formed from the original
EBSPs and (b) orientation similarity map (OSM) from the new DI approach. The insets in a and b are magnified
views of the marked regions and arrows indicate nano-scale grains surrounding the second phase particle
successfully reconstructed from DI. (¢) shows a back scattered electron image revealing the secondary phase
particles and a single large grain directly beneath the shot crater; (d) shows the grain size distribution of the
Hough and Dictionary indexed data.

method not only captures the orientations of the highly deformed regions, the inter-phase and inter-grain bound-
aries, but also reveals the orientations of the nanocrystalline grains in exquisite detail. The KAM map generated
using the dictionary approach is shown in Fig. 3d. Based on the IPF and KAM maps from the dictionary method,
the deformed microstructure can be broadly classified into three distinct regions: a recrystallized region consisting
of nano-grains extending to a depth of about 3-5 um, a plastically deformed zone extending to about 20-25 ym
which includes a great deal of stored plastic work, and finally the parent metal zone exhibiting low orientation
gradients. Additionally, possible nucleation sites of new grains can also be seen in the highly deformed transition
region, as indicated by the two arrows in Fig. 3c. These are completely absent from the HI indexing result due to
the extreme deformation surrounding these regions.

The large number of successfully indexed nano-sized grains using the dictionary method allows for a quanti-
fication of the local texture in the recrystallized zone. The grain orientation spread (GOS) vs. the equivalent grain
size (grain size =2.,/grain area/m ) map is shown in Fig. 4a. There is a correlation between the orientation spread,
which can be interpreted as a proxy for the stored deformation, with the equivalent grain diameter. Smaller
grains, which are dynamically recrystallized, show a low orientation spread whereas the larger grains store more
deformation. Panels b and c Fig. 4 show the disorientation angle and axis distributions of the grain boundaries for
the recrystallized zone along with the uncorrelated distributions. The disorientation angle distribution deviates
slightly from the Mackenzie distribution'® with many of the grain boundaries having high angle character.
Additionally, the (111) direction is the (slightly) favoured disorientation axis compared to the uncorrelated dis-
tribution with a peak intensity of approximately 3.5 MRD (Multiples of Random Distribution). Finally, Fig. 4d
shows the (100), (110) and (111) pole figures for the orientations in the recrystallized zone, revealing an almost
random texture with a peak intensity in the (111) pole of approximately 1.5 MRD.

The potential of the dictionary-based indexing to extend the application of EBSD compared to the
Hough-based approach can be further illustrated by considering the results from a comparative EBSD study for
a number of different pattern acquisition conditions; six different data sets were acquired with different micro-
scope accelerating voltages and pattern binning parameters, and the resulting (001) IPFs are shown in Fig. 5.
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Figure 3. Inverse pole figure and kernel average misorientation map comparisons. (a) and (c) respectively
are the Hough and Dictionary indexed IPF (001) maps; (b) and (d) respectively are the kernel average
misorientation (KAM) maps obtained from Hough indexing and dictionary indexing for a 1.5° maximum
threshold.
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Figure 4. Grain orientation and grain boundary statistics. (a) Grain orientation spread map vs. equivalent grain
size map; (b) and (c) grain boundary disorientation statistics and (d), (100), (110) and (111) pole figures for the
texture in the recrystallized zone.

Under extreme conditions, e.g., at 5kV and 8 x 8 camera binning, a significant part of the heavily deformed zone
as well as almost the entire unindexed parent metal zone are successfully indexed by the dictionary method. In
addition, the dictionary indexed maps remain consistent over a large range of experimental conditions. These
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Figure 5. Comparison between Hough indexed and Dictionary indexed EBSD results under different
acquisition conditions. The EBSD conditions and the resulting frame rates (number of patterns acquired per
second) are labeled above each of the columns. The numbers in the insets represent measures for the indexing
success rate for the highlighted rectangular box in the first map on the top row.

results highlight the possibility of imaging heavily deformed microstructures without significant acquisition time
penalties. At the same time as being able to exploit DI for improved indexing it is also possible to exploit it for
the benefit of speed of acquisition. Figure 5 shows that to extract similar quality maps (% indexed points), DI can
operate at 10kV with a step size of 120 nm utilizing 8 x 8 binning achieving a speed of 870 Hz, which is essentially
hardware limited. In comparison, in order to achieve equivalent indexing, an acquisition speed of only 230 Hz
is possible utilizing HI, resulting in an approximately 4x increase in acquisition speed. At 5kV, the comparison
is even more pronounced, providing a 10x speed up when using DI. The effect is less pronounced at 20kV and
although a hardware limit is reached, it is likely that the interaction volume, which is larger for higher accelerating
voltages, plays a dominant role in limiting the indexing ability. The percentage numbers in Fig. 5 represent the
indexing success rate for the field of view of each data set. For the HI results, the numbers indicate the percentage
of patterns indexed with a mean angular deviation (MAD) below 1° (the mean angular deviation is defined in
the Aztec 3.0 software as the angular deviation between the observed and simulated lattice plane orientations).
For the DI results, the indexing success rate involves computation of the smallest disorientation between the top
matching orientation and the next M nearest matches, where M was set to 5 in this case. If the smallest disori-
entation is smaller than a threshold value related to the angular step size used to sample orientation space, then
the indexing is considered to be a success. For the sampling points at the top of the regions in Fig. 5, the set of
M next best matches has nothing in common with the top match and hence the smallest disorientation angle is
generally quite a bit larger than the threshold value, which was set to 1.5° for all data sets. The indexing success
rate for the DI approach is significantly higher than that of the HI approach in all cases, in particular for the 8 x 8
binned data.

Discussion

We have mapped the complex microstructure formed as a result of the shot peening of a 7075-T561 Aluminium
alloy using a combination of low keV EBSD together with the Dictionary Indexing (DI) approach and an orienta-
tion refinement procedure. The results show a significant improvement over current commercially available EBSD
software systems, with the ability to recover crystal orientations from nanocrystalline grains in the challenging
low atomic number Aluminium alloy. The microstructure shows three distinct regimes: a dynamically recrystal-
lized nanocrystalline zone, a plastically deformed transition zone with significant stored deformation and orien-
tation gradients and the parent metal zone. The recrystallized zone shows an almost random texture with about
1.5 MRD peak value. The grain boundary disorientation angle and boundary axis distribution deviated some-
what from the random distributions, with a slight preference for high angle boundaries and the (111) boundary
axis. The data reported here presents a significant challenge to the modelling community. It is expected that the
improvements in the quality of microstructure characterization will spur interest in the quantitative modelling
of the shot peening and other deformation processes, which produce such graded microstructures extending
down to the nanoscale; we have shown that the DI approach is capable of providing quantitative data down to the
sub-micrometer scale for direct comparison with deformation models.
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Our results suggest that dictionary-based indexing can provide high quality EBSD analysis in situations where
existing Hough-based methods fall short. Indeed, the DI approach provides maps of exquisite detail showing
features that are not apparent in conventionally indexed maps. These include situations where the grain size is
small, where the level of deformation is high, or where low quality signals are needed in order to acquire large
areas quickly or avoid beam damage to the sample.

Methods

Sample preparation. The alloy under study is a 7075 Aluminium alloy double notch coupon?, in the T651
temper. For shot peening, fused ceramic beads (ZrO, 67%, SiO, 31%, size 63-125 yum) were used, which were
found to induce a higher fatigue strength improvement as compared to steel shots, without introducing unde-
sired galvanic effects. An air-blast machine was utilized to perform the shot peening treatment with the following
conditions: air pressure 1.0 bar, bead speed 57 m/s, coverage 100%, Almen intensity 4.5 N, nozzle 12 mm, angle of
impingement 90°, working distance 100 mm, flow rate 5 kg/min.

The specimen used for this study consisted of a (250 x 150 x 150 m?) block and was the subject of a previ-
ous 3D-EBSD study'® which consumed part of the block. The remaining block face was freshly prepared at the
shot-peened notch root for this study. The extraction of the block and the sectioning and polishing of the block
face were conducted using a Thermo Fisher Scientific Helios™ Plasma Xe* FIB-SEM DualBeam equipped with
an EasyLift™ in-situ nanomanipulator on a TEM grid attached to a pre-tilted EBSD sample holder. The detailed
procedure is presented in'®, while the main steps comprising the lift-out procedure are summarized in Fig. 1 of
the Supplementary Information. The block face was prepared at 30kV and a current of 180 nA using an auto-
mated rocking polish routine implemented within Auto Slice and View 4.0 software'”.

Experimental details. EBSD scans were performed in a Helios Plasma FIB-SEM coupled with an Oxford
Instrument NordlysNano EBSD detector and Aztec 3.0 software. EBSD data shown in Figs 1 and 3 was gener-
ated under 10 kV, 4 x 4 binning, and 25 nm step size. The EBSD data sets of Fig. 5 were generated at step sizes
of 120 nm with accelerating voltages 5kV, 10kV and 20kV. Both 4 x 4 and 8 x 8 camera binning were used for
comparison. Single frame averaging was used and 10 lines at band centers and a Hough resolution of 75%. This
was intended to simplify the indexing procedure and optimize speed. It is clear that there are many options for
increasing the accuracy of the indexing but all of these come with a penalty of decreased acquisition speed. The
exact same acquired data was indexed by the two different approaches.

Dictionary-based indexing. To optimize the acquisition conditions for high spatial resolution while main-
taining the fidelity of grain orientation reconstruction, the newly developed dictionary indexing (DI) approach? was
used. The efficacy of the method is rooted in an accurate physics-based forward model of the diffraction process.
The dictionary indexing algorithm differs from the commercial Hough transform based method in the sense that
no feature extraction is performed. Instead, the dictionary indexing method compares each experimental pattern
with a dictionary of simulated diffraction patterns having different orientations, using the normalized dot product
as the similarity metric. The orientation corresponding to the best match (i.e., the highest normalized dot product)
is assigned as the orientation of the experimental pattern. Additionally, the list of top k matches can be retained and
used to design supplementary microstructural descriptors. The Orientation Similarity (OS) is one such descriptor.
This parameter measures the orientation similarity of a scan point with its nearest neighbors using the common
elements in the list of top k matches and is an effective parameter to study intragranular orientation gradients as well
as grain boundaries. For a scan point (i, j) in a rectangular scan, the OS, 7,; is mathematically expressed as:

1

n j = Z[#(Si,j m Si—l,j) +#(Si ﬂ Sl+1] +#(Sl] m ij— 1) +#( m ]+l) (1)
Here, S, ; denotes the set of top k matches returned from the dictionary indexing run for the EBSD pattern at
location (1, j) and # denotes the cardinality of a set. The orientations in the dictionary are selected to uniformly
sample orientation space using the cubochoric representation'®. The dictionary indexing technique has previously
demonstrated superior performance for fast acquisition conditions in poly-crystalline Nickel' as well as low
symmetry geological materials®®. Additional maps derived from the DI approach can be found in Figs 2-5 in the
Supplementary Material.

The forward model fuses the deterministic Schrédinger equation, accounting for the elastic scattering of the
electrons, with a Monte Carlo trajectory simulation to model the stochastic scattering?'. The standard Bloch wave
formalism is used to solve for the electron wave function inside the periodic crystal potential. The model com-
putes the backscatter yield of the electron traveling in the direction k with energy E as:

Emax N A
Sk) = S &k, EYP(k, E, z,(E)),
Epiy @)

N 2 zy(E
Pk, B, zy(E) = 3 Zaa i " \E, )| W) Pd.
wics, 2o(E) Jo (3)
Here, S(R) denotes the overall backscatter yield, ¥(r;) denotes the wave function of the electron at the atomic site
i and A(E, z) denotes the depth and energy histogram derived from the Monte Carlo simulation; S, is the set of
equivalent positions, and # labels the unique positions in the asymmetric unit; Z, and D, are the atomic number
and Debye-Waller factor, respectively, for the species at unique position n. The overall signal for an exit direction
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kisan integration over the various energies contributing to the backscatter signal. This dynamical signal modu-
lates a background signal, £(k, E), and produces the characteristic Kikuchi bands. The stochastic part of the signal
formation, including the angular histogram £(k, E) and the energy and depth histogram A(E, z), is determined
using Monte Carlo electron trajectory simulations®.

For typical operating parameters, the dictionary indexing method has an accuracy of 0.7°; this error remains
well under 1° for a range of errors in the geometrical calibration. The accuracy remains relatively constant in the
presence of significant noise (=245 dB peak signal to noise ratio) as well as a high camera binning factor (~19x ).
In addition to regular indexing, the aforementioned forward model can also be used to perform a refinement step.
This step searches the orientation space around the solution from the dictionary indexing to find a better match.
The search is performed using the bobyQA (bound optimization by Quadratic Approximation) optimization algo-
rithm?. This step is especially crucial for dictionary indexing of highly deformed materials to alleviate the artifacts
introduced by the discrete sampling of orientation space. The orientation refinement step improves the accuracy of
the method for well calibrated systems to ~0.2° for a range of noise levels for which the traditional Hough trans-
form method fails to find a solution®.

EBSD data analysis. All the EBSD data analysis was performed using the open source MTEX? software.
Grains were clustered using the default Voronoi tessellation method with a 15° threshold?. Only grains with areas
larger than the threshold value of 0.08 ;1m? were considered for the analysis. The discrete orientation distribution
function (ODF) of the nanocrystalline zone was fitted to the symmetrized de la vallée Poussin kernel with a
half-width of 10° to obtain the pole figures”. A similar method was used to calculate the correlated misorienta-
tion distribution function (MDF) of the grain boundaries.

Data availability. The datasets generated and analysed during the current study are available from the cor-
responding author on reasonable request.
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