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A multi-modal data-merging framework that enables the reconstruction of slip
bands in three dimensions over millimeter-scale fields of view is presented.
The technique combines 3D electron back-scattered diffraction (EBSD) mea-
surements with high-resolution digital image correlation (HR-DIC) informa-
tion collected in the scanning electron microscope (SEM). A typical merging
workflow involves the segmentation of features within the strain field (slip
bands, deformation twins) and the microstructure (grains), alignment of da-
tasets and the projection of slip bands into the 3D microstructure, using the
knowledge of the local crystallographic orientation. This method is demon-
strated in two materials: a face-centered cubic (FCC) nickel-base superalloy

and hexagonal close-packed (HCP) titanium alloy.

INTRODUCTION

Prediction of macroscopic mechanical behavior
requires a detailed understanding of the micro-
mechanical response at the grain or sub-grain scale,
which is often highly heterogeneous. Hetero-
geneities such as slip bands, deformation twins,
kink bands and grain boundary sliding may domi-
nate the constitutive response of a material under a
variety of loading conditions. Studies of these
deformation modes usually involve the mapping of
the 2D microstructure, generally utilizing electron
back-scattered diffraction (EBSD), alongside mea-
surements of slip or twinning traces collected using
secondary electron images, backscattered electron
images, electron channeling contract imaging col-
lected in the scanning electron microscope (SEM),
high-resolution digital image correlation (HR-DIC)
or atomic force miscroscopy.'™'” While general
trends can be extracted from these combined mea-
surements, they do not enable examination of the

(Received June 3, 2021; accepted August 31, 2021;
published online September 27, 2021)

origin of deformation events such as slip bands
within a given microstructure. For instance, slip
traces observed on a specimen’s free surface are a
projection of a three-dimensional strain localization
event that often initiates within the depth of the
material. Therefore, a better understanding of
strain localization phenomena would involve the
correlative mapping, not in 2D, but of the 3D
material microstructure. In this context, the present
article focuses on the combination of slip trace
analyses with 3D microstructure data over large
regions of interest (ROIs).

HR-DIC techniques have been developed and
extended for use with measurements collected in
the SEM,*'® where the nanometer-scaled spatial
imaging resolution enables early detection of indi-
vidual slip bands on the specimen surface.'® Recent
developments in SEM imaging and accompanying
software have enabled the collection of large data
sets over wide fields of view, with increasingly high
spatial resolution and richness of information.
Using microscope automation algorithms, these
high-resolution strain measurements are mapped
over mm?-scaled areas, easily capturing the infor-
mation over statistically relevant numbers of
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grains.?®?! In parallel, robust 3D microstructure
characterization tools have emerged in the past
decade, including non-destructive techniques such
as high-energy x-ray diffraction using synchrotron
sources,?>?? laboratory-scale diffraction contrast
tomography (lab-DCT) and ablation techniques such
as EBSD tomography using mechanical polishing
(i.e., the Robo-Met system),>*?° plasma focused ion
beams (FIBs) or femtosecond lasers, which involve
serial sectioning of the material and data collection
on consecutive slices to reconstruct the 3D
microstructure.?® These hardware and software
advances have greatly reduced data collection time
such that the most time-consuming step is often
data analysis. In this context, the aim of the present
article is to introduce a multi-modal data-merging
technique that enables automated mapping of the
micro-mechanical strain field as a function of
microstructure and extraction of non-biased correl-
ative statistics. This method is demonstrated here
for the merging of DIC and 3D EBSD data, but can
be applied to other types of multi-modal datasets.
The following sections discuss the topics of data
collection, alignment and merging through two
illustrative examples that show slip in a nickel-
base superalloy and a titanium alloy.

MULTI-MODAL DATA COLLECTION

Gathering multi-modal data often requires specif-
ically designed or prepared samples that satisfy the
requirements of the constituent experimental tech-
niques. The multi-modal datasets shown presently
use in situ mechanically loaded samples that permit
the collection of HR-DIC strain measurements and
2D EBSD from an external surface in the gauge
section as well as a 3D TriBeam dataset from the
same region. A schematic of a sample used for this
multi-modal data collection is shown in Fig. 1. One
face of the gauge of the specimen has strain
measured by HR-DIC (xz); it is colored in teal in
the figure. This face was mirror polished and
prepared as detailed in the next section. A speckle
adapted to HR-DIC is then deposited onto the
surface. DIC measurements are carried out in situ
using a custom-built tensile stage. The specimen is
then un-mounted from the stage, and a pedestal-
shaped sample is extracted out from the gauge
section, around the ROI, following the blue line
shown in the figure. The DIC surface is then
protected with silver paint, and the sample is loaded
back in the SEM chamber for Tribeam tomography
from the ROI. The femtosecond laser is used to
iteratively ablate layers from the sample pedestal
along the z-direction, with the incident beam par-
allel to the opposite surface of the DIC measure-
ment surface.
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Fig. 1. Specimen geometry and location of the multi-modal
measurements: (a) overview; (b) region of interest.

High-Resolution Digital Image Correlation
(HR-DIC)

Prior to mechanical testing, Ti7-Al>” and wrought
Inconel 718 nickel-base superalloy?® specimens
were polished with SiC papers up to 1200 grit,
followed by polishing with a 6-ym diamond suspen-
sion and then chemo-mechanical polishing with
0.05-um colloidal silica for 12 h. A nanoscale speckle
pattern for HR-DIC measurements, with an average
particle size of 60 nm, was produced using the gold
nanoparticle speckle deposition patterning tech-
nique developed by Kammers et al.? SEM image
sets were acquired before loading and after unload
from 1% total deformation, following the procedures
developed by Kammers and Dall% 9 and Stinville
et al.® A National Instruments™ scan controller
and acquisition system (DAQ) were used for control
beam scanning in a modified Thermo Fisher Scien-
tific Dual Beam FIB microscope.?* This custom
beam scanner removes the SEM beam defects
associated with some microscope scan generators
and reduces drift distortions.?! Tiles of 6 x 4 images
for the titanium alloy and 8 x 8 images for the
nickel-base superalloy are acquired before and after
deformation, with an image overlap of 15%. DIC
calculations are performed on these series of
images, and the tiles are merged using a pixel
resolution merging procedure. Regions of about
0.9 x 0.3 mm? and 1 x 1 mm? were investigated for
the titanium alloy and nickel-base superalloy,
respectively. Subset sizes of 31 x31 pixels
(1044nm x 1044nm) with a step size of 3 pixels
(101nm) were used for DIC measurements. Digital
image correlation was performed using the Heav-
iside-DIC method®? to quantitatively characterize
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the amplitude of slip localization. The sample
preparation, imaging conditions and Heaviside-
DIC parameters allow for a discontinuity detection
resolution between 0.2 and 0.3 pixels (offsets
induced by slip of 7 nm and 10 nm, respectively).>?
Examples of resulting ¢,, strain maps (x being the
loading direction) are displayed in Figs. 4b and 6c.

Three-dimensional EBSD

The recently commercialized TriBeam sys-
tem,?*®® which combines a femtosecond laser with
a focused ion beam (FIB-SEM), is used to ablate
micron-thick layers of material over mm? areas.
During a serial sectioning experiment, at each slice,
images are captured using backscatter and sec-
ondary electron detectors as well as the mapping of
grain orientations using EBSD. EBSD can be col-
lected with sub-micron spatial resolution and crys-
tallographic orientation indexing accuracy sufficient
to capture subgrain orientation gradients. The
indexing accuracy can be further enhanced by
collecting and storing raw EBSD patterns, which
are later re-indexed using the EMSphlnx spherical
indexing software.®® Datasets with volumes
approaching 1mm? with cubic-micron sized voxels
are now readily obtainable,?® with collection times
on the order of days to a week, depending on the
data modalities and voxel resolution. The sections
are then stacked back together using the conven-
tional filters with the DREAM.3D software.>”

As the barriers for gathering large 3D multi-
modal datasets are reduced, this motivates efforts
on accurate reconstruction, analysis and interpre-
tation of the large datasets, which may contain as
much as 1 TB of information.

MERGING WORKFLOW
Correction of Spatial Distortions

Among the collected datasets, 3D EBSD suffers
from the highest spatial distortions as a result of the
large fields of view, large sample tilt required for
EBSD (and the associated geometric distortions)
and beam drift.'*% These effects directly alter the
shape of the grains, as illustrated in Fig. 2a,b.
Therefore, it is critical to compensate for these
distortions before merging the DIC data. BSE
images are collected at 0° tilt along with EBSD
data on every slice, as shown in Fig. 2c. These
images are collected with much shorter exposure
times per pixel compared to EBSD and exhibit
reduced distortion. As the BSE images reveal some
crystallographic contrast, they can be used as a
reference for the correction of EBSD data. The
relative distortion between BSE and EBSD data of a
given slice can be modeled with a 2D polynomial
function of degree 3 using the formula shown in
Eq. 1. To register the function and find its ¢j;
coefficients, either manually selected control points
are used or the automatic registration method

described in Ref. 12 is invoked, using segmented
grain boundaries from both the EBSD and BSE data
as fiducials for alignment. Calibration of the distor-
tion is performed every 50 slices throughout the
dataset. If its coefficients remain constant, a unique
set of coefficients is used to align the whole dataset.
This was the case for both datasets presented in this
article. The aligned EBSD map corresponding to
Fig. 2a is shown in b. The dataset section is now
square, similar in appearance to the BSE image,
and the DIC surface is now planar.
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At this stage, the dataset is aligned in the XY
plane, and the DIC data are ready to be aligned on
the XZ surface. To do so, the alignment procedure
described above is applied to align the DIC data
onto the 3D EBSD dataset and a second distortion
function flx, z) is calibrated using pairs of control
points.

flx,y) = { (1)

Feature Segmentation

Individual slip traces are segmented from the DIC
maps using conventional image processing tech-
niques detailed in Ref. 28 and assigned a number
ID. It is worth mentioning that this step could
benefit from more advanced vectorization algo-
rithms involving computer vision, for example.?”
Accurate segmentation enables detection of the
exact location of the slip traces in the HR-DIC
reference frame. In particular, the locations of the
end points of each slip trace are listed. On the other
hand, individual grains are segmented from the 3D
EBSD dataset using the filters that are readily
available in the DREAM.3D software.

Three-dimensional Reconstruction of Slip
Bands

Once the DIC slip traces have been segmented,
their coordinates in the reference frame of the
EBSD dataset are calculated using the distortion
function flx, z). The local crystallographic orienta-
tion associated with every slip band is then known.
The angles (¢1, ®, ¢2) are the average Euler angles
of the local grain associated to a given slip band. As
a limited set of slip planes are available (e.g., 111
planes in a FCC lattice), the angle of the slip trace
on the DIC surface can be compared to the traces of
the theoretical planes. If a candidate plane of Miller
indices (A, k, [) exhibits a trace that deviates by 2°
or less from that of the slip band, it is assigned to
the slip band. Given its indices, the normal to the
slip plane in the reference frame of the crystal can
be calculated, defining the normal vector to the
plane ng.,. The plane normal in the sample’s
reference frame is obtained by rotating it according
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Fig. 2. Compensation of spatial distortions in 3D EBSD datasets using multi-modal data merging. (a) As-collected XY slice, (b) corrected XY

slice, aligned onto (c) the corresponding BSE image.

to Eq. 2, where the rotation matrix Rsumpie crystar 18
defined as in Eq. 3.

Nsample = Rsample,crystal Merystal (2)

rotation matrix to create the rendering shown in
Fig. 3b. Another example is shown in Fig. 3c and d
in an HCP grain favorably oriented for prismatic
slip. The (1100) slip traces are shown in the 3D
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Two renderings are used for visualization: the
first one consists of creating slip bands as vox-
elized objects while the second consists of creating
the slip band as an object in the Paraview
software.?® In the first case, the voxels that belong
to a slip band are readily assigned and the
DREAM.3D file is edited so that is contains a
new entry dedicated to the visualization of slip
bands according to their number ID. Using this
method, when two slip bands are closer to one
another by less than a voxel, they become merged
together. The second visualization method involves
creating a ’slice’ object within the grain of interest
in Paraview, using the coordinates of one point on
the slip band and its normal vector. This method
does not induce any merging of the slip bands.
Two examples are shown in Fig. 3 utilizing the
second method. The Paraview software is used for
data visualization. Figure 3 shows the reconstruc-
tion of a (111) slip band in a FCC crystal. The slip
trace of interest is highlighted with a red box in
Fig. 3a, which is a composite image of IPF colored
EBSD (with reference to the loading direction)
with the slip traces segmented from the DIC in
overlay. Comparison with the traces of all 111
planes reveals that the slip plane is (111). This
plane is then rotated according to the grain’s
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Fig. 3. Three-dimensional representation of the slip bands in Inconel
718 (a—b) and Ti7Al (c-d). (a) Segmented slip traces obtained from
HR-DIC overlapped with the aligned IPF colored EBSD map. The
active plane associated to the slip band highlighted with a red box is
(111); (b) corresponding projection of the slip band into the 3D
microstructure; (c) slip traces obtained from HR-DIC overlapped with
the IPF colored EBSD map of the Ti7Al material and showing
prismatic slip on (1100); (d) projected slip bands into the 3D
microstructure (Color figure online).
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rendering in Fig. 3d. This procedure, involving the
detection and assignment of the crystallographic
slip plane associated with every slip band within a
given dataset, as well as the assignment of the slip
band voxels, is fully automated using a custom
Python code. This operation is repeated over
hundreds of slip bands, which a dataset of mil-
limeter scale typically contains. The next section
illustrates application of this method in two dif-
ferent case studies.

CASE STUDIES

Two high-strength structural materials have been
studied: wrought Inconel 718 and titanium Ti-7Al.
Unique characteristics of plastic deformation in
these FCC and HCP materials, respectively, are
revealed in the following sections.

Incipient Plasticity in a Wrought
Polycrystalline Nickel-base Superalloy

A sample of wrought annealed Inconel 718 was
deformed monotonically in tension at room temper-
ature, in situ in the SEM. DIC data were collected at
the macroscopic yield point of the material (0.2%
plastic strain). The engineering stress-strain curve
is shown in Fig. 4a. The strain field measured by
HR-DIC over the ROI at macroscopic yield is shown
in Fig. 4. Hundreds of slip bands of various intensity
are visible on the free surface of the specimen. A 3D
EBSD-DIC dataset of dimensions 549 um x 526 um
x 420 um was collected, as shown in Fig. 4c. A total
of 570 slip bands were segmented from HR-DIC
data and added to the DREAM.3D dataset for
statistical analysis.

The merged dataset is shown in Fig. 5a, where the
slip bands are overlaid on the IPF colored EBSD
dataset (with respect to the loading direction). A
systematic investigation of the location of every slip
band in relation to the microstructure reported
elsewhere®® revealed strong correlations between
the location of the most intense slip bands and some
annealing twin boundaries (£3 boundaries, defined
as 60° rotations around a < 111 > direction). This
configuration is referred to as a parallel slip config-
uration.®'? In this configuration, slip bands prefer-
entially form close and parallel to particular twin

boundaries that exhibit a high difference in direc-
tional elastic modulus or a high Schmid factor.
Whereas this configuration had already been
reported using 2D measurements,® the investiga-
tion of slip band morphology in the 3D microstruc-
ture further revealed a strong correlation between
the locations of slip bands and triple junctions. A
typical example is presented in Fig. 5b, where a slip
band (shown in dark blue) emanates from the triple
junction formed by the three IPF colored grains,
shown in transparency. The free surface where the
HR-DIC measurements were conducted is the flat
surface on the top. As two of the three grains that

triple junction

111
IPF-LD,

001 101

Fig. 5. Merged Inconel 718 dataset: (a) slip bands (in blue) overlaid
on the IPF colored 3D EBSD dataset; black arrows indicate parallel
slip configurations; (b) example of a slip band emanating from a triple
junction (Color figure online).
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Fig. 4. Inconel 718 3D EBSD-DIC dataset: (a) engineering stress-strain curve, (b) strain field of the ROI obtained from HR-DIC, (c) 3D EBSD

dataset (Color figure online).



3268

define the triple junction are fully contained in the
bulk of the material (not visible on the free surface),
this configuration could not have been detected from
2D measurements only. This kind of configuration is
a good example of the importance and relevance of
capturing the 3D microstructure. In this dataset,
over two thirds of the slip bands are connected to
triple junctions.®®

In conclusion, strong correlations between slip
band locations and distinct features of the polycrys-
talline microstructure are observed in this material.
Most of them are directly related to 3D aspects of
the microstructure that are not discernable on the
free surface.

Slip Transmission in Textured Polycrystalline
o Ti7Al

Ti-7Al is a single-phase model material with HCP
crystalline structure and composition similar to the
HCP phase of Ti-6Al-4V. It is wrought processed
and exhibits a yield strength of about 600 MPa and
limited work hardening. A sample of Ti7Al manu-
factured by the Air Force Research Laboratory?’*°
was loaded monotonically in tension at room tem-
perature. Its properties are summarized in Fig. 6. It
exhibits a yield strength of 576 MPa and Young’s
modulus of 104 GPa (Fig. 6a) at an average grain
size of 80 um (Fig. 6d,e). A strong texture is
observed, with ((2110))-oriented crystals preferen-
tially aligned along the loading direction (Fig. 6b).
These orientations are favorably oriented for pris-
matic slip. The material was strained in situ to a
total macroscopic strain of 1%, the point at which
HR-DIC data were collected. A number of slip bands
of varied intensity are visible on the strain map
shown in Fig. 6. The dark horizontal lines visible in
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Fig. 6¢ originate from the stitching process that is
involved while collecting DIC data over large ROIs.
The ROI consists of a 302 um x 876 um surface area
that contains 29 individual grains. It is highlighted
with dashed lines in Fig. 6d and e.

The aligned strain map obtained from HR-DIC is
shown in Fig. 7a, overlapped with the IPF colored
EBSD map (with reference to the loading direction).
The most intense slip bands are shown in the 3D
rendering in Fig. 7b. Unlike the prior case study,
limited correlation 1is observed between the
microstructure features (triple junctions, quadruple
points, etc.) and the location of the slip bands. Long-
range slip transmission is observed across the whole
ROI, as shown in Supplementary Material A. This is
likely due to the strong texture and similar orien-
tations of most grains across the gauge, which
presents a case of easy prismatic slip transmis-
sion.*! This case of long-range transmission of
plasticity is common in microtextured titanium
alloys.*”> However, the most interesting observation
is that all transmitted slip bands connect to a single
point on the free surface. This is particularly
striking in Supplementary Material B. Several
other examples are shown in Fig. 7c, across grains
A—C and D-E, highlighted with black arrows. These
slip transmission events are readily observable on
the free surface, and it is worth mentioning that
when looking at the 3D reconstruction of the slip
bands, the point where slip transmission occurs
tends to be at the surface. This suggests a possible
surface effect driving the nucleation of transmitted
bands. More specific analyses should be conducted
to further investigate this aspect. Techniques able
to probe slip band connection both on the surface
and within the bulk, such as topo-tomography,* 4
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Fig. 6. Microstructure and properties of the Ti-7Al sample: (a) engineering stress-strain curve, (b) microtexture with respect to the loading
direction and colored as a multiple of random distribution, (c) strain map obtained by DIC; the loading direction is horizontal, (d) corresponding
EBSD map in IPF colors with respect to the loading direction and (e) 3D EBSD dataset in IPF colors with respect to the loading direction. The
dashed rectangle corresponds to the overlapping region between the DIC and 3D EBSD datasets.
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Fig. 7. Merged Ti7Al dataset: (a) HR-DIC strain map overlapped with the EBSD dataset, (b) 3D rendering of the 3D dataset with the slip bands of
highest intensity added to the ROI, (c) two examples of prismatic slip transmission.

would certainly shed light on the configurations of
slip transmission.

DISCUSSION
Correlated Data Analysis Tools

The present framework enables the reconstruc-
tion of slip bands in 3D, using the combination of 3D
EBSD and HR-DIC. Correlative analysis of the
location of slip bands in relation to the 3D
microstructure can be conducted by observation of
individual grains, either automatically or statisti-
cally, using custom Python or Matlab scripts. To do
so, a number of tools have been developed and will
be openly available in the near future in the form of
a Python package called Argos. These tools include
2D and 3D segmentation and vectorization scripts,
data alignment routines, merging procedures (func-
tions that enable finding the grain to which a given
slip band belongs, for example) as well as plotting
scripts and functions.

Limits of the Current Technique

As HR-DICs are surface measurements, the
merged datasets are limited to the slip bands in
the first layer of grains, beneath the DIC surface.
Such surface phenomena are particularly relevant
to fatigue, and an improved understanding of
fatigue crack initiation motivated the studies on
Inconel 718. However, surface observations may
have limitations. First, the slip bands may be
influenced by the different states of stress at the
surface. The various examples of slip transmission
shown in Sect. Slip Transmission in Textured
Polycrystalline « Ti7Al reveal that the transmission
events observed by HR-DIC may be influenced by

the free surface. Conversely, at temperatures where
fatigue cracks initiate sub-surface in nickel alloys,
the bands still form parallel to and slightly offset
from twin boundaries.*®

As mentioned in the introduction, various tech-
niques can be employed to map either 3D
microstructures or full 3D strain fields. While it
possesses a good spatial resolution and the ability to
analyze a wide range of materials systems, Tribeam
tomography remains a destructive technique. While
DIC can be collected at various macroscopic strains,
the sample must be unloaded and prepared for
Tribeam tomography. For example, a simultaneous
study of lattice rotation and slip band formation
cannot be performed in situ. While some lattice
rotation can remain after unloading, dynamic cor-
relative observations*® cannot be performed with
the present set of tools. The multi-modal data
merging framework can, however, be applied to
alternative characterization techniques, as dis-
cussed further.

Applicability to Other Types of Data

The multi-modal data combination approach
shown here for the Ti-7Al and Inconel 718 examples
is generalizable to a wide range of spatially dis-
tributed measurements. The need for recognizable
fiducials between the required data modalities is
likely to persist unless noise and distortions that are
inherent to each detector modality can be com-
pletely eliminated and/or perfectly simulated across
all modalities. Certainly electron mlcroscopy modal-
1ty simulations have improved dramatically,*” mak-
ing the multi-modal data fusion process much more
straightforward, as evidenced by the indexing
improvements from the dictionary and spherical
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approaches.?>3*%®  However, multi-modal data

fusion need not only be applied to electron imaging
modalities. For instance both laboratory*®® and
synchrotron x-ray imaging modes®*°° have enjoyed
continued diversification and enhancements leading
to improved mapping of grain structure and crys-
tallographic orientation compared to 3D EBSD
methods.?%~®

CONCLUSION, LIMITATIONS AND FUTURE
WORK

A framework for multi-modal data merging,
involving the recombination of HR-DIC, 3D EBSD
and 3D BSE images, is presented. It enables the
automated reconstruction and visualization of hun-
dreds of slip bands mapped over millimetric regions
of interest, allowing statistical analyses using cus-
tom post-processing scripts. This enables auto-
mated, non-human biased analyses of the merged
data. Whereas the illustration examples presented
here involve the combination of 3D microstructure
information with surface (slip traces) measure-
ments, the framework can also be used for the
recombination of slip bands imaged directly in the
bulk of the material, if they exist. Furthermore, the
3D microstructure measurements need not be
EBSD and can be extended to other 3D mapping
techniques.
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