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1. General introduction
1.1 Context

The understanding of microstructural deformation mechanisms such as dislo-
cation sliding, twinning, grain fragmentation or recrystallization requires a
fine characterization of microstructures. This characterization ideally involves
the accurate measurement of rotations and elastic strains of the crystal.

Studying the evolution of microstructures through the observation and
understanding of plasticity mechanisms is a major research focus. More spe-
cifically, it is the mission of the French laboratory as part of the University of
Lorraine, where the work detailed in this series of five chapters was con-
ducted. Called “Laboratory of Microstructure Studies and Mechanics of
Materials” (LEM3 in French for “Laboratoire d’Etude des Microstructures
et de Mécanique des Matériaux”), it actively contributes to the development
of innovative characterization techniques, especially in the scanning electron
microscope. Some recent achievements are the accurate electron channeling
contrast analysis of dislocations (Mansour, 2016; Mansour et al., 2014), the
“on-axis” Transmission Kikuchi Diffraction technique (Fundenberger et al.,
2015, 2016) or a “static” configuration for focus ion beam assisted three-
dimensionnal electron backscatter diffraction (3D-EBSD) (Guyon, Gey,
Goran, Chalal, & Pérez-Willard, 2016). Software is also being developed
there, notably ATEX-software (Analysis Tool for Electron and X-ray dif-
fraction) (Beausir & Fundenberger, 2017) and Merengue 2 software for
the reconstruction of parent grain from EBSD data (Blaineau, 2010;
Germain, Gey, Mercier, Blaineau, & Humbert, 2012). Although deformed
metals and alloys are mainly studied in the laboratory, the laboratory is
also extending its field of investigation to other materials such as
semiconductors.

In this context, an original method for measuring lattice rotations and
elastic strains in the SEM was developed as part of Clément Ernould’s thesis,
from 2017 to 2020, under the supervision of Prof. Emmanuel Bouzy,
Dr. Vincent Taupin and Dr. Benoit Beausir (Ernould, 2020). Such a
method, categorized as high angular resolution, consists in the registration
of electron diffraction patterns by means of digital image correlation
(DIC) algorithms. They determine the geometrical transformation that best
aligns a so-called target pattern with respect to a reference pattern. The tech-
nique, was historically developed under the impetus of Wilkinson, Meaden,
and Dingley (2006b). In its original form, it relies on a set of “local” shift



Measuring elastic strains and orientation gradients in the SEM 3

measurements between small square regions of interest extracted from both
the reference and the target patterns. The present work proposes a “global”
approach involving a single and large region of interest.

1.2 Organization of the series of five chapters

The study is divided into five chapters. Chapter “Measuring elastic strains
and orientation gradients by scanning electron microscopy: Conventional
and emerging methods” by Ernould et al. briefly reviews orientation imag-
ing microscopy in the SEM before focusing on the working principle of the
high-angular resolution methods published to date. Chapter “Development
of a homography-based global DIC approach for high-angular resolution in
the SEM” by Ernould et al. explains the reasoning leading to the develop-
ment of an original high-angular resolution method. Its implementation is
then detailed in Chapter “Implementing the homography-based global
HR-EBSD/TKD approach” by Ernould et al. The numerical validation
of the method is the object of Chapter “Numerical validation and influence
of optical distortions on accuracy” by Emould et al. Finally, Chapter
“Applications of the method” by Ernould et al. regroups applications to plas-
tically deformed polycrystalline metals and semiconductors, characterized
using either the EBSD or the on-axis TKD technique (Fundenberger
et al., 2015, 2016).

1.3 Content of the chapter

First, this chapter presents crystal orientation mapping in the SEM. The aim
is to identify the possibilities offered by SEM in terms of spatial and angular
resolutions depending on acquisition techniques (hardware solutions) or
indexing strategies (software solutions) of electron diftraction patterns.

Accurate knowledge of the disorientation angle and axis is, together with
that of the elastic strains, essential for the observation and understanding of
the microstructural deformation mechanisms. Therefore, this chapter then
focuses on the so-called high-angular resolution techniques. Specially
designed for the precise measurement of relative elastic strains and rotations
of the crystal, their working principle and underlying mechanical model are
presented. The implementation of the original “local” method (Wilkinson
et al., 2006b) as well as its improvements over the past decades are detailed,
before discussing its performance and main sources of error.

Finally, some of the gray area surrounding this method in the literature
are pointed out. Aim is to understand the motivations that led to the
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development of an alternative “global” approach, like other methods pub-
lished alongside this work. The latter are briefly presented to highlight their
differences from the ‘local’ one.

2. Crystal orientation mapping in the scanning electron
microscope

This section highlights the performance and limitations of standard
and emerging SEM-based techniques for acquiring and indexing electron
diffraction patterns.

2.1 Projection geometry

The primary electron beam entering the material is quasi-homokinetic, of
wavelength 4, and scatters in all directions. A divergent source point is
formed under the area illuminated by the probe. According to the Bragg’s
law in Eq. (1), primary electrons stemming from this point will diffract pro-
vided that their incidence angle with respect to a crystal plane family of Miller
indices (hkl) and inter-planar spacing dhkl equals the Bragg’s angle 6.

2.dhk1.sin (93) = n.A (1)

The trajectory of the diffracting electrons is included in a cone of halfangle at
the apex /2 — 0p. It is called a Kossel cone and its generatrixes are plotted in
red in Fig. 1 (left side). The intersection of a Kossel cone and a sphere, both
centered on the source point, delimits a band. It is called Kikuchi band,
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Fig. 1 (Left) Scheme of the projection geometry of the Kikuchi sphere on a scintillator

and simulated Kikuchi sphere of Ferrite at 15kV, which is adapted from (Day, 2008).
(Right) Dynamically simulated Kikuchi pattern.
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similarly Kikuchi sphere, after Seishi Kikuchi, who first observed such bands
in 1928 using an electron transparent mica foil (Kikuchi, 1928). Strictly
speaking, a Kikuchi band is obtained in transmission while a band obtained
in reflection is a pseudo-Kikuchi band. However, this distinction will not be
made hereafter for simplicity.

The gnomonic projection of the Kikuchi sphere onto a planar scintillator
gives a diffraction pattern of the same name (Fig. 1, right side). In the latter,
band edges are hyperbola, but they are often approximated by straight lines
since the Bragg angle 6p is small. The gnomonic projection induces distor-
tions, whose magnitude increases with distance from the projection center,
called “pattern center” and denoted PC. The distance from the source point
to the scintillator is referred as “sample to detector distance” and denoted
DD. It determines the captured solid angle, which is the intercepted portion
of the sphere’s surface divided by the square of the sphere’s radius. The
shorter this distance, the larger the solid angle and thus the more Kikuchi
bands visible on the scintillator. Conversely, moving the detector away
results in fewer but wider Kikuchi bands (at constant inter-planar spacing).
The Kikuchi bandwidth also decreases with the accelerating voltage.
Increasing the voltage shortens its associated electron wavelength. The
Bragg angle gets smaller, which tightens the generatrixes of the Kossel cone
(red lines in Fig. 1).

It arises from all this, that both the SEM projection geometry (PC, DD)
and the operating conditions impact the shape and the number of Kikuchi
bands captured by the scintillator. Therefore, these parameters should not be
overlooked when acquiring Kikuchi patterns, but set according to the needs
of the subsequent pattern analysis.

2.2 Three configurations for diffraction pattern acquisition
in the SEM

Three configurations have been developed for the acquisition of diffraction
patterns on a scintillator: electron backscattered diftraction (EBSD), oft-axis
Transmission Kikuchi Diffraction (TKD) and on-axis TKD. As shown in
Fig. 2, these techniques differ in the relative position of the scintillator to
the sample, the incidence angle of the electron beam, and whether a bulk
specimen or an electron transparent thin foil is used.

2.2.1 EBSD configuration
The EBSD technique was developed in the 1970s (Venables & Bin-jaya,
1977; Venables & Harland, 1973) few years after the first observation of
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(A) on-axis TKD (B) off-axis TKD (C) EBSD

Fig. 2 Existing configurations for the acquisition of electron diffraction patterns in
the SEM. The image is adapted from Brodu, E., & Bouzy, E. (2017). Depth resolution depen-
dence on sample thickness and incident energy in on-axis transmission kikuchi diffraction in
scanning electron microscope (SEM). Microscopy and Microanalysis, 23(6), 1096—1106.
https://doi.org/10.1017/51431927617012697 and shows the chamber of the Zeiss Supra
40 SEM used in this study.

Kikuchi bands in reflection (Coates, 1967). The scintillator is typically
placed at 14—16 mm from a bulk specimen. The latter is tilted so that the
angle of incidence of the electron beam is close to 20° (Fig. 2C). In this
way, more of the interaction volume is close enough to the surface to allow
backscattered electrons to escape, thus maximizing their yield. The sample
must be carefully polished since quasi-elastically backscattered electrons
stem from the first few tens of nanometers in depth.

However, tilting the specimen degrades the longitudinal spatial resolu-
tion, which is about three times greater than the lateral one. For a given
probe size, the physical spatial resolution depends on the size of the inter-
action volume, which increases proportionally with the accelerating voltage
and conversely with the atomic number. Limiting the accelerating voltage,
however, worsens beam or stage drift issues. Longer exposure times are
indeed required for the acquisition of diffraction patterns with a constant
signal-to-noise ratio. That is why the lateral spatial resolution of the
EBSD technique is generally limited to about 50 nm (Chen, Kuo, & Wu,
2011; Schwarzer, 2009). The characterization of nanocrystalline structures
is therefore compromised, except for some heavy elements such as platinum,
for which an effective spatial resolution of 10nm has been achieved
(Dingley, 2004).

2.2.2 Transmission Kikuchi diffraction

The EBSD technique being mainly limited by its lateral spatial resolution,
Keller and Geiss (2012) proposed the Transmission Kikuchi diftraction tech-
nique in 2012. The bulk specimen is replaced by a 50-150nm thick foil
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observed in transmission. The interaction volume is reduced as compared
to reflection. TKD leads to spatial lateral resolution of few nanometers,
making the characterization of nanostructured material possible in the
SEM (Sneddon, Trimby, & Cairney, 2016; Trimby, 2012).

Lateral resolution degrades with increasing foil thickness or atomic num-
ber. Contrary to EBSD, a higher accelerating voltage is beneficial since it
lessens the beam broadening through the sample thickness. The maximum
voltage in a SEM is usually limited to 30kV. Therefore, very high spatial
resolution, of a nanometer of less remain reserved for transmission electron
microscopes (TEM), which operate at 100-300kV. Their advantage in
terms of lateral spatial resolution is balanced by their non-selectivity in
depth. Indeed, resolution in depth is inversely proportional to accelerating
voltage (Brodu & Bouzy, 2017; Brodu, Bouzy, & Fundenberger, 2017). The
diffraction signal contributing to the Kikuchi band in TKD originates from a
few tens of nanometers thick layer, located at the outlet face of the incident
beam (Brodu & Bouzy, 2017; van Bremen, Ribas Gomes, de Jeer, Ocelik, &
De Hosson, 2016). By limiting the occurrence of pattern superimposition,
TKD is competitive with TEM for orientation mapping in nanocrystalline
materials (Mariano, Yau, McKeown, Kumar, & Kanan, 2020).

2.2.3 Off-axis TKD configuration

As shown in Fig. 2B, oft-axis TKD re-uses the EBSD camera, which is an
asset, but it is also the cause of its main drawbacks. The scintillator is placed at
large scattering angles and only a low amount of the extremely forward-
directed scattered intensity is captured. This anisotropy is also reflected by
a strong intensity gradient between the top and bottom of the screen
(van Bremen et al., 2016; Yuan et al., 2017).

In addition, the diffraction signal is interfered with by a secondary,
re-scattered signal (Tokarski et al., 2021). As Fig. 3A shows, it results from
the interactions between the numerous almost unaffected electrons passing
through the sample and the SEM chamber elements such as the stage or sam-
ple holder. The authors placed a shield beneath the specimen (Fig. 3B) to
prevent those re-scattered electrons from reaching the scintillator. The pres-
ence of a shield improvs the signal-to-noise, allowing shorter exposure time
as compared to the conventional shield-less configuration. However, gain in
speed is highly dependent on the atomic number. As underlined by the
authors, acquisition speed is about twice higher for iron or nickel than
for light elements like magnesium or aluminium, for which the scattered
intensity at large angle is lower.



8 Clément Ernould et al.
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Fig. 3 (A) Electron re-scattering due to the sample holder when using off-axis TKD and
(B) off-axis configuration completed by a shield to prevent re-scattered electrons from
reaching the scintillator.

2.2.4 On-axis TKD configuration

In 2015, Fundenberger et al. (2015, 2016) proposed the on-axis TKD con-
figuration, where the scintillator is placed beneath the specimen, per-
pendicularly to the electron beam (Fig. 2A). Contrary to the off-axis
configuration, a dedicated detector is required, but it offers several improve-
ments. The lateral spatial resolution of on-axis TKD is slightly better as
compared to conventional TKD (Niessen, Burrows, & Fanta, 2018; Shen
et al., 2019), but this is neither the only nor the main advantage of this
new detector (Niessen et al., 2018; Yuan et al., 2017).

First, an on-axis detector receives a much higher scattered intensity, all-
owing to shorten exposure by a factor 20 for the same signal-to-noise ratio
(Niessen etal., 2018; Yuan etal., 2017). Yuan etal. (2017) mapped the same
region in 108 min using off-axis TKD and in only 6 min using the on-axis
configuration, with 58% and 60% indexed points, respectively. Gain in
speed is essential to avoid significant drift during TKD mappings, especially
given the high magnifications used. For instance, the applications proposed
in Chapter “Applications of the method” by Ernould et al. are performed at
magnification ranging from x 30,000 to x500,000. When speed is not crit-
ical, the on-axis TKD configuration allows a lower probe current to be used,
which is of particular interest for the characterization of beam sensitive
materials.

Second, gnomonic distortions in electron diffraction patterns are mini-
mized. Whereas distortions in oft-axis TKD patterns are significant, as shown
by dashed lines in Fig. 4A, on-axis TKD patterns look almost undistorted
(Fig. 4B). This is because the pattern center lies in the middle of the screen.
The sample to detector distance is also relatively large, typically between
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(A) off-axis TKD (B) on-axis TKD

Fig. 4 (A) Off-axis and (B) on-axis TKD patterns from an Al-Mg alloy thin foil after con-
tinuous background removal. The exposure time is 200 and 30 ms, respectively. Image
adapted from Yuan, H., Brodu, E., Chen, C,, Bouzy, E., Fundenberger, J.-J., & Toth, L. S. (2017).
On-axis versus off-axis transmission Kikuchi diffraction technique: Application to the char-
acterisation of severe plastic deformation-induced ultrafine-grained microstructures.
Journal of Microscopy, 267(1), 70-80. https:/doi.org/10.1111/jmi.12548.

18 and 24 mm compared to 14—18 mm for the EBSD technique. However,
the transmitted beam causes a saturated spot in the middle of on-axis TKD
patterns. This region being unusable, the detector was improved by perfo-
rating the scintillator there to accommodate a diode instead (Fanta etal., 2019).
This diode enhances the imaging capabilities described in Section 2.3. It
enables simultaneous imaging and pattern acquisition, instead of adjusting
the camera insertion distance. This makes the use of the detector more
convenient, but also opens new possibilities for time-resolved experiments.

In terms of indexing, several authors (Niessen et al., 2018; van Bremen
etal., 2016; Yuan et al., 2017) found the pronounced gnomonic distortion
in off-axis TKD patterns to be more detrimental to Hough transform-based
indexing than the transmitted beam in on-axis TKD patterns. However,
this must be put into perspective by a very recent work (Fancher, Burch,
Patala, & Dickey, 2022), which shows gnomonic distortion enhances the
sensitivity of the Hough-transform based indexing to detect subtle difter-
ences in inter-band angles. This said, indexing accuracy and more particu-
larly the ability to successfully exploit gnomonic distortions require precise
knowledge of the projection geometry, whatever the configuration. That is
why SEM calibration is an active research topic, as will be discussed in
Section 3.4.

Beyond calibration, diffraction contrast is another fundamental aspect
for analyzing both off-axis or on-axis TKD patterns. TKD is a quite recent
technique as compared to EBSD, for which the Hough-transform based
indexing and most commercial software have been primarily designed.



10 Clément Ernould et al.

Kikuchi bands acquired in reflection present a bright central area bounded
by darker edges, whereas one edge is brighter than the other in transmis-
sion. The band contrast asymmetry is particularly noticeable in the bottom
on the off-axis TKD pattern displayed in Fig. 4A. Therefore, the Hough-
transform is likely to detect bright band edges rather than bands themselves
(Niessen, Burrows, & Fanta, 2018).

2.3 Forescatter electron diodes (FSD) imaging

In this work, the Bruker Optimus™ detector was used for on-axis TKD.
Note that a new version of this detector, called Optimus™ 2, has been
on the market since 2021. It incorporates the aforementioned modification
of the scintillator with a central diode.

The detector head (Fig. 5A) is composed of a scintillator and a Bruker
Argus™ forescattered electron imaging system. The latter consists in three
diodes. It is called forescatter electron diodes (FSD) detector in the follow-
ing. As schematized in Fig. 5, the FSD detector integrates the intensities cap-
tured by the diodes, each being associated with a color channel (blue, green,
red). It thus provides colored images that qualitatively capture fine details of
the microstructure.

FSD contrast is very sensitive orientation changes, phase, sample topog-
raphy or thickness (Britton, Goran, & Tong, 2018). It also highlights mag-
netic domains (Ickler, Meckbach, Zeismann, & Bruckner-Foit, 2019). In
this work, the results obtained using the proposed high-angular resolution
technique will be compared with the very sensitive FSD contrast, in order
to qualitatively assess their relevance. More generally, FSD imaging is

Orientation map

Electron beam Indexing
¢ t=1

Sample

Scintillator

(A) on-axis TKD detector head (B) Signal analysis

Fig.5 (A) Scheme of the Bruker Optimus™ detector head for on-axis TKD. (B) Diffractions
patterns analysis: Kikuchi bands are detected and indexed to map crystallographic
orientations, while diode-integrated intensities generate an FSD image.



Measuring elastic strains and orientation gradients in the SEM 11

advantageous as it allows the microstructure to be visualized quickly, prior
any orientation mapping. It eases the selection of an area while choosing a
suitable step size, as suggested in Fig. 5B.

2.4 Indexing techniques

2.4.1 Standard Hough-transform based indexing

Today, crystallographic orientations are still standardly indexed using the
Hough-transform (Krieger Lassen, 1994; Krieger Lassen, Conradsen, &
Juul Jensen, 1992). It transforms a point (x,y) in the Cartesian plane into
a sinusoid:

Py, (0) =x.cos(0) +y.sin(0). 2)

If several points belong to the same line (Fig. 6A) in the Cartesian frame
(x, y), their sinusoids intersect at a point within & in the Hough-space (0, p)
(Fig. 6B). By summing up all these sinusoids, i.e., by applying a Radon trans-
form, intensity peaks then appear in the Hough-space (background image in
Fig. 6B). The coordinates (pg,8p) of the peak identify the Kikuchi band
location, p, being its distance from origin (the scintillator’s center here)
and 6, being the angle that its normal forms with the abscissa.

By transforming lines into peaks, the Hough-transform makes the detec-
tion of Kikuchi bands computationally easier. Accuracy of their location
depends on the resolution of the electron diffraction pattern and of the
resolution of the (p, #)-sampling.

Phase and crystallographic orientations are determined from triplets
of detected bands. Their relative angles are related to the crystal struc-
ture but also varying with gnomonic distortions. Knowledge of the
projection geometry is thus essential. It is also assumed that the crystal
is not elastically strained (Maurice & Fortunier, 2008). The accuracy
of the crystallographic orientations is typically about 0.5-1° (Brough,
Bate, & Humphreys, 2006; Humphreys, 2001; Ram, Wright, Singh,
& Graef, 2017). Accuracies of 0.2-0.3° have also been reported
(Brough et al., 2006; Wright, Basinger, & Nowell, 2012), but these con-
sider spatial filters using several adjacent points in the orientation map.

Alternatives to the Hough-transform were proposed to detect Kikuchi
bands with higher accuracy. An angular accuracy close to 0.1° was experi-
mentally achieved using the bandlet method (Ram, Zaefferer, & Raabe,
2014), which is a frequency-based approach for the deconvolution of over-
lapping and intersecting bands. Systematic error of conventional Hough can
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Fig. 6 (A) EBSD pattern where the Cartesian coordinates of three points belonging to the same highlighted Kikuchi band are shown.
(B) Hough-transform of each of these three points, which intersects within &, and intensity of the Radon-transform in the background.
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also be eliminated using “3D” Hough-transform (Maurice & Fortunier,
2008). It locates hyperbolic branches arising from the intersection of the
Kossel cones with the scintillator instead of straight lines. This method has
the potential to determine both the orientation and the elastic deformation
state of the crystal technical, but its use is limited by practical considerations
(Plancher, 2015). The method is also more computational demanding and
should rather be used as a refinement step (Thomsen, Schmidt, Bewick,
Larsen, & Goulden, 2013).

2.4.2 Emerging methods

In the last 5 years, new indexing techniques have been proposed: dictionary
indexing (Chen et al., 2015; Foden, Collins, Wilkinson, & Britton, 2019),
spherical indexing (Hielscher, Bartel, & Britton, 2019; Lenthe, Singh, &
Graet, 2019) and pattern matching (Nolze, Hielscher, & Winkelmann,
2017; Nolze, Jurgens, Olbricht, & Winkelmann, 2018; Winkelmann,
Jablon, Tong, Trager-Cowan, & Mingard, 2020; Winkelmann, Nolze,
Cios, Tokarski, & Bata, 2020). They improve the angular resolution on
crystallographic orientations as well as the indexing rate of patterns whose
signal-to-noise ratio is too low for band detection by the Hough-transtorm.
This is because such methods rely on the comparison of the whole exper-
imental pattern with one or more simulated patterns, without trying to
detect Kikuchi bands.

The principle of the dictionnary indexing is actually very similar to the
established method for the idendification of diffraction spots in transmission
electron microscopy (Rauch & Dupuy, 2005). A library of simulated pat-
terns is first generated in order to sample the orientation space. Then, each
experimental pattern is compared to the whole library (or dictionnary).
Finally, the highest observed correlation gives the orientation. The dictio-
nary approach is more robust to noise than Hough-transform based indexing.
However, its numerical cost is significantly higher, despite improvements to
reduce the dictionary size (Foden et al., 2019). As a solution, the spherical
harmonics approach replaces the whole dictionnary by a single simulated
“master” pattern (Fig. 7), which accounts for the entire surface of the
Kikuchi sphere. Regarding the pattern matching technique, the best fit
between the experimental pattern to be indexed and a simulated pattern is
iteratively determined. Each iteration indicates how to warp or simulate
the next reference image until a convergence criterion is met.

Accuracy of at most 0.1-0.2° on the crystal orientations were reported
for these methods (Friedrich, Bochmann, Dinger, & Teichert, 2018; Lenthe
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Fig. 7 Master pattern of aluminium at 20kV simulated using EMsoft 4.2 (Singh, Ram, &
Graef, 2017).

et al., 2019; Ram et al., 2017; Singh et al., 2018) for a well calibrated SEM
(Ram et al., 2017). Indeed, the projection geometry uncertainty is directly
involved in the pattern simulation.

To the authors’ knowledge, spherical indexing is currently the onliest
emerging approach capable of real-time indexing like the Hough-transform
based technique does. Therefore, the latter is still the reference. In any case,
it is more than obvious that orientation imaging microsocpy is expected to
undergo profound change in the near future. New approaches are constantly
emerging, involving new branches of computer vision but also new technol-
ogies like artifical intelligence. Neural convolution networks are promising
for indexing as well as for phase identification without a priori knowledge
(Ding, Pascal, & De Graef, 2020; Kaufmann et al., 2020).

2.5 On the importance of a high angular resolution

Precise knowledge of the disorientation angle but also of the axis is essential
for the observation and the understanding of microstructural deformation,
or to feed crystal plasticity models for instance (Admal, Po, & Marian,
2018). Lattice rotations are directly involved in the calculation of the geo-
metrically necessary dislocation (GND) densities (El-Dasher, Adams, &
Rollett, 2003; Sun, Adams, & King, 2000), which characterize dislocation
structures.
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The estimation of the error on the disorientation angle and axis is rarer in
the literature than that on the crystal orientations. Yet, knowing crystal ori-
entations to within a few tenths of a degree is of less interest for the under-
standing of the links between microstructures and mechanical properties in a
polycrystal. Of course, the uncertainty in the relative rotations between two
points of the crystal is related to the uncertainty in orientations, from which
they derive. However, the error is not constant across the disorientation
map. The lower the disorientation angle, the more uncertain the disorien-
tation axis (Prior, 1999). Based on this, a scatter of 1° on crystal orientations
is “inadvisable” for the characterization of deformation structures (Demirel,
El-Dasher, Adams, & Rollett, 2000), because sub-grain boundaries most
often involve disorientations of < 2°.

These observations have motivated the development of the so-called
high-angular resolution methods, which are specially designed to observe
small disorientations under the noise level of indexing techniques, but also
to measure elastic strains. They are now presented.

3. High-angular resolution scanning electron
microscopy

This section first presents the working principle and mechanical model
of high-angular resolution techniques. The implementation of the original
method by Wilkinson et al. (2006b) as well as its improvements are then
detailed. Finally, main sources of error are discussed.

After initial attempts in the 1990s—2000s (Troost, van der Sluis, &
Gravesteijn, 1993; Wilkinson, 2000a, 2000b), the high-angular resolution
technique experience a tremendous development from 2006 (Wilkinson,
Meaden, & Dingley, 2006a, 2006b). Historically applied to EBSD, it is com-
monly known as the HR-EBSD technique. Recent applications to TKD
make this acronym confusing. Distinguishing between HR-EBSD, off-axis
HR-TKD and on-axis HR-TKD seems preferable. However, most of the
method working principle or its implementation is common to all configu-
rations. Therefore, the previous acronyms will be combined under the name
HR-EBSD/TKD when no distinction between them is necessary.

In order to conduct an HR-EBSD/TKD analysis, high-resolution elec-
tron diffraction patterns (typically 1000 x 1000 pixels) with a 12-bit gray-
scale or more are recorded which performing an orientation map. In a
grain, a point is taken as a reference and its diffraction pattern, called the
“reference” pattern, is compared to those associated with the other pixels
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belonging to the grain, and called the “target” patterns. Here, “compare”
means the determination of the displacement field between the two images
with a sub-pixel accuracy. This displacement field is interpreted in terms of
lattice relative rotations and elastic strains with knowledge of the projection
geometry as well as its variations across the orientation map.

3.1 Mechanical model
3.1.1 Notations

. . —_— = —\ . L ,
In this series of chapters, (X 1, Xo, X3 ) is the scintillator’s frame, whose

— — . . L , L
axes Xy and X, are aligned with the scintillator’s edges as shown in Fig. 8A.

72) is downwards to be consistent with the usual matrix representation of

images. For the sake of clarity, points belonging to the scintillator are den-

oted in two ways:

— Uppercase letters, X = [X; X5]”, mean that absolute (or pixel) coordi-
nates are considered. The origin is the upper left corner of the scintillator.

— Lowercase letters, x =[xy x2]T, mean that relative coordinates with
respect to pattern center (PC) are considered. The latter admits X"¢ =

[xPe x] " as absolute coordinates, i.e., x;= X, — X’C (i=1, 2).

3.1.2 Displacement field in the scintillator

The aim of the HR-EBSD/TKD technique is to determine the elastic
deformation gradient tensor F® between two points of the crystal. It
describes the transition from the reference configuration to the deformed

configuration. It is expressed in R :O<Y1>, E}, Y;) , where O is the

source point of the diffraction signal, located at a distance DD away from
the scintillator (Fig. 8B).

Scintillator — (Fe.x). X5 —

PC X X5 DD PC
0 ........................................... ) .

\+ XZ

(A) Notations of points in the scintillator (B) Transformation for a fixed projection geometry

Fig. 8 Scintillator frame and points definition.
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Letx=[x; x» DD] g belong to the scintillator in the reference config-
uration. Under the effect of the transformation F*, it is displaced by

u=(F"—1I)x (3)

However, the visible shift between the reference and the target patterns is
s=x"—x (Fig. 8B). In the following, these patterns are associated with
the reference and deformed configuration, respectively. By reasoning in
the scintillator plane, x” will be called the image of x by the transformation
F* although this is a misuse of language. Actually, x is the projection, in the
scintillator plane, with respect by the source point, of the image of x by F*:

¥ = i(Fe.x). (4)

(F‘?.x).fg,>
This relationship is stated by Thales’ theorem (OA/OA’=OB/OB in
Fig. 8B). It links the elastic deformation gradient tensor F* to its visible effect
in the scintillator as well as the knowledge of the projection geometry (DD
and the points coordinates relative to the PC). Since Eq. (4) constitutes the
basis of all the proposed HR-EBSD/TKD techniques, it will be referred as
the “HR-EBSD/TKD problem.”

Fig. 9 shows the shape of the displacement field induced by each strain
component g; or rotation component w;;, expressed in 2R. The cross indicates
the location of the PC. Here, displacements are those that are observed when
diffraction patterns are viewed from the inside of SEM chamber. In practice,
they are captured from the camera side (so that a negative DD distance is to
be considered in the calculations). As a consequence, a positive rotation w3

(i.e., with respect to Y;) is no longer roughly shifting the pattern to the left
side like in Fig. 9G, but to the right. Not to simplify things, image reversals are
possible by the software that records the diffraction patterns. That is why ones
must be very careful. Routines are proposed to determine the way pattern are
visualized, but also the sample frame, which typically differ from an SEM or
camera manufacturer to another (Britton et al., 2016).

3.1.3 Insensitivity to hydrostatic dilatation

It arises from Fig. 9 that the effect of €33 cannot be distinguished from a
combination of €11 and €5,. This means the HR-EBSD/TKD technique
is insensitive to hydrostatic dilatation. Only the deviatoric elastic deforma-
tion gradient tensor is deduced from the displacement field:

F' =F/F;, ()
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Fig. 9 Shape of the displacement field induced in the scintillator by a single elastic
strain or rotation component.

Assessing the full tensor requires some additional information. The
uncertainty in elastic strain state is lifted by assuming the surface’s normal
stress 1s zero (Wilkinson et al., 2006b). According to the Hooke’s law,
this gives:

1
€3 = —@[Cmrén + Ca300.€00 + 2.(C333.€23 + C3331.€31 + C3312.€12 )]
(6)
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where ¢;;and Cjj; denote the elastic strain components and the material stift-
ness moduli expressed in the sample frame, respectively. The traction-free
assumption is mostly valid in practice, since back- or forescatter electrons
contributing to Kikuchi patterns come from very close to the surface.
This was extensively studied by Hardin et al. (2015), who concluded the
assumption is valid as long as the error on the (sample) tilt angle does not
exceed 2.7° or there are no notable stress source such as precipitates close
to the surface.

Although Eq. (5) seems simple, it must be handled with care. On the one
hand, expressing the deviatoric deformation gradient F'in the sample frame
requires the knowledge of the detector orientation relative to the sample
surface. It is deduced from the specimen and the camera tilt angles, as well
as from any other rotations applicable to the SEM under consideration, such
as a possible image reversal (see Section 3.1.2). On the other hand, the mate-
rial stiffness constant, a priori known in the crystal frame, are expressed in the
sample frame considering the indexed orientation.

3.1.4 Deduction of elastic strains and lattice rotations
The elastic strain components €;; and the lattice rotation components w;; are
deduced from F* considering either the infinitesimal strain theory (Wilkinson
et al., 2006b) or a finite rotations and small strains framework (Britton &
Wilkinson, 2012; Maurice, Driver, & Fortunier, 2012).

The infinitesimal framework is only acceptable in the presence of
small rotations below 0.5-1° (Maurice et al., 2012). F° is approximated
as follows:

FFretw+1I (7)

where € is the elastic strain tensor, @ is the small rotation matrix and I is the
identity matrix. The rotation matrix is assumed antisymmetric:

€11 €12 €13 0  —wy w3 100
F'r | epn en &3 |+ | wy 0 —wp|+{010 (8)
€13 €23 €33 —wi3 Wi 0 001

In practice, € and @ are computed from the displacement gradient
tensor

d=F —1 9)
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as follows:

(d+ ) (10)

(d—d"). (11)

At larger rotation (i.e., >1°), the left polar decomposition of the transforma-
tion gradient

F'=0.R, (12)

is considered to obtain the finite rotation matrix R and the positive definite
and symmetric left stretch tensor v, from which the elastic strain tensor is
approximated:

e~v—1 (13)
This formalism means the crystal is first rotated and then deformed. In prac-

tice, the polar decomposition of F° is obtained from its singular value
decomposition

F=wxvyT (14)

where W et Vare orthogonal matrices and X is a diagonal matrix containing
the singular values. It arises from Eqs. (12) and (14) that

R=wuyT (15)
and
v=wIwT (16)
Regarding each rotation w; around X; axis (i€ [[1,3]), i.e,,

W1 — W3 — —Ws3
Wy = wi3 = —wsq, (17)

W3 = W3 — —W12
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The following relationships are used

R3»
wy = atan|{ — | + n.x
1 ( R33> n

_ R31 _ 1 g- Wy = 7[/2
wy = atan | — ————— where 1 = .
VR3, + R, 0 otherwise

s1.Ry3 — ¢1.R
w3 = atan SRS TR n.w
C1.R22 — 51.R23

(18)
since
.3 $1.5.03—(C.53 61.52.C3+S1.53
R= .53 51.32.33"1‘61.63 €1.52.53 — 85103 , (19)
—S$2 51.0 .0

where ¢;=cos(w;) and s;=sin(w;).

3.2 The original “local” HR-EBSD/TKD approach

In this section, the working principle of the original method (Wilkinson
et al., 2006a, 2006Db) is first explained. Its major improvements are outlined,
and experimental or numerical validations are reviewed.

3.2.1 Principle based on location measurements
The “HR-EBSD/TKD problem” in Eq. (4) once expanded gives:

[ DD. (F¢,.x1 + F{y.x2+ F{;.DD) |

X1 F§1 . X1 +F§2.XQ+F§3.DD
Xy | = | DD.(ES .x) + Fhy.x2 + Fsy . DD) | - (20)
DD FS, .x1 + Fyy ., + Fi5 . DD

DD
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Since a transformation in the scintillator plane is considered, the third
component is ignored and Eq. (20) is rearranged as follows (Villert,
Maurice, Wyon, & Fortunier, 2009; Wilkinson et al., 2006b):

gtk
Fi,

Fis

g mm

s x1 x» DD 0 0 0 p—— DD —xq

1] DD e
=DD. 5 | B
52 0 0 0 x1 xp DD _X1-X2 X5 —xp ¢
DD DD B

5

Fs,

L F55 |
(21)

where s;=x/ —x; (i=1, 2). The method being insensitive to hydrostatic
dilatation, the components Fj; are replaced in Eq. (21) by those of the

deviatoric elastic deformation gradient (F). Because F3; = 1, knowledge
of the displacement field at four non-colinear x locations is necessary and

sufficient to determine the other eight components of F’. However, 20 mea-
surements or more are usually performed, and an overdetermined system of
equations is solved (Wilkinson et al., 2006b).

The displacement field is locally evaluated from small square subsets taken
from the reference pattern and the target pattern, as illustrated in Fig. 10.
These patterns are pre-processed to remove the continuous background asso-
ciated with inelastic scattering, dead pixels, dust on the phosphor screen, but
also optical distortions caused by camera lenses. Note that optical distortions
will be further discussed in Section 3.3. The subset size is chosen so that pure
translation can accurately describe the effects of the transformation F* over the
subset. In practice, subsets are typically 256 X 256 pixels for patterns about
1000 x 1000 pixels. Translations must then be measured with an accuracy
of 0.05 pixel to assess elastic strains to the nearest 1 x 10~ * (Villert et al., 2009).

3.2.2 Overview of the method implementation

The translation of the reference subset giving the highest similarity with the
target subset can be measured by localizing the maximum of the
cross-correlation function (XCF) with respect to its center. The XCF can
be computed in spatial domain, which is computationally demanding, but
also in frequency domain:
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Reference pattern Reference Fourier Cross-correlation function
subset transform and location of its peak

©)

@ Repeat for each subset

Fourier-transform computation
+

Bandpass filtering

@ Correct shifts to account
for probe displacement

T g Target Fourier Solve an overdetermined
Target pattern subset transform system of equations

Fig. 10 Overview of the main steps of local HR-EBSD approach.

XCF =3 '{3{1}.3{1} }, 22)

where r and ¢ are the intensity of the reference and target subsets, respec-

o~

tively, 3 is the (filtered) Fourier-transform, I 'its inverse and 3 its

conjugate. Fourier-transform based cross-correlation (FT-CC) is a peak

finding algorithm, which is numerically efficient when using Fast Fourier
transform (FFT) algorithms. This justifies the typical subset size is a power
of two.

As detailed in Wilkinson et al. (2006a, 2006b), the XCF is not computed
directly from the extracted subsets. Fig. 10 illustrates the method’s main
steps:

(1) Subsets are pre-treated. Their mean intensity is set to zero while applying
a Hann window to progressively bring intensity to zero on edges. The
(discrete) Fourier-transform (FT) is then calculated using an FFT algo-
rithm. Noise (high frequencies) and illumination changes (low frequen-
cies) are suppressed by means of a bandpass filter with cut-off frequencies
in the range 3—14 cycles per 256 pixels and 30—48 cycles per 256 pixels,
respectively (Britton et al.,, 2013, 2010; Tong, Jiang, Wilkinson, &
Britton, 2015; Wilkinson et al., 2006b).

(2) The normalized XCF is calculated from the filtered FT in a very similar
way than in Eq. (22) so that its peak height is between 0 and 1. The
peak is fitted with a Gaussian to localize its maximum with a resolution
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of about 0.02 pixels (Wilkinson et al., 2006b; Wilkinson, Meaden, &
Dingley, 2009). The position of the latter with respect to the XCF
center 1s the sough-after translation.

(3) Previous steps are repeated for each pair of subsets.

(4) Each shift measurement is corrected to account for the probe displace-
ment during scan. Indeed, PC displacement shifts the whole pattern by
the same amount while a variation in DD induces an isotropic scale
with respect to the PC. The importance of such a correction is further
discussed in Section 3.4.3.

(5) Finally, the deviatoric elastic deformation gradient F'is obtained by solv-
ing an overdetermined system of equations, based on Eq. (21) or an
equivalent (Villert et al., 2009; Wilkinson et al., 2006b). Singular value
decomposition can be used to this end. Note that a peak height lower
than 0.3 is associated to absence of correlation. The concerned measure-
ments are consequently ignored (Britton et al., 2010; Britton &
Wilkinson, 2011). The complete tensor F* is finally deduced assuming
a traction-free surface, i.e., using Eq. (6), if acceptable.

3.2.3 Major improvements: iterative solving and pattern remapping
The local approach has been experiencing numerous improvements since
2006. They notably concern the solution computation and the shift mea-
surement in the presence of large rotations.

Since translation outliers significantly affect the solution computation,
the latter is performed iteratively by affecting weights to each measurement
until convergence (Britton et al., 2010). Initial weights depend on the XCF
peak height. Theoretical shifts are then computed according to the obtained
solution and new weights are set as a function of the difference with the
measured shifts.

Generally speaking, FT-CC is not suitable for measuring translation in
the presence of in-plane rotation higher than ~7° (Pan, Wang, & Tian,
2017). Performance of the local HR-EBSD technique is quickly deteriorat-
ing when rotations become higher that 1-2°. As a solution, the remapping
technique was proposed (Britton & Wilkinson, 2012; Maurice et al., 2012).
Basically, one of the two patterns is pre-aligned with respect to the other so
that assumption of a pure translation at the subset scale remains acceptable.

The remapping method proposed by Maurice et al. (2012) is illustrated in
Fig. 11. The rotation Ry between the two points of the crystal is estimated
from their respective Euler angles. The reference pattern is then warped
using Eq. (4) or (20), where Fis replaced by Ry. The so-obtained remapped
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Reference pattern Fé¢ =(I+¢€).6R.RO Target pattern

Without remapping

_j(l +¢£).6R

Estimation of rotation With remapping
from Euler angles or

a first pass of HR-EBSD

Remapped reference pattern

Fig. 11 Working principle of the remapping technique.

reference pattern is cross-correlated with the target pattern using the stan-
dard local approach. The authors underlined their remapping technique
should not be unnecessary used at low disorientations (<1°), especially since
large errors on the disorientation axis are made, as already discussed in
Section 2.5. The second technique by Britton and Wilkinson (2012)) was
developed independently, but its principle is very similar. It differs in the
sense the target pattern is remapped, and Euler angles are not considered.
Instead, successive cross-correlation passes are applied, making this approach
more numerically expensive.

More recently, global image registration using a Demons algorithm was
proposed (Zhu, Kaufmann, & Vecchio, 2020). As patterns are considered as
a whole, robustness against large disorientations is higher than the method by
Britton and Wilkinson (2012), which is based on small subsets. Its first cross-
correlation pass corresponds the “without remapping” case in Fig. 11. Shift
measurement between the reference subset (red border) and the target one
(green border) is highly likely to fail due to their little common content.
However neither local nor global approaches can be as robust against large
disorientation as the indexing-based approach (Maurice et al., 2012), which
does not require any subset. Besides robustness, Demons registration enables
remapping to be more accurate. Unfortunately, the authors did not mention
the execution time of the methods they compared. This would have been
relevant because a (one pass) local approach is still required at the end and
therefore imposes the accuracy of the HR-EBSD/TKD technique.
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3.2.4 Experimental and numerical validation
Thelocal HR-EBSD technique in its original form, i.e., without remapping,
was first validated experimentally from semi-conductors (Si, Si;_Ge,) that
involve small rotations (McLean & Osborn, 2018; Vaudin, Gerbig,
Stranick, & Cook, 2008; Wilkinson et al., 2006a, 2006b, 2009), but also
in the vicinity of a crack tip in a Nickel superalloy (Wilkinson et al., 2006a).
Sensitivity of 1 x 10™* (~0.006°) on elastic strain or rotation compo-
nents was reported (Wilkinson et al., 2006a, 2006b, 2009). Using a silicon
single crystal subjected to 4-points bending (Fig. 12A), accuracy of 1 x 10~*
was demonstrated by comparison to finite element analysis (Fig. 12A")
(Villert et al., 2009). The same experiment was conducted on a single crystal
of 316 L austenitic steel deformed by less than 0,5% (Plancher et al., 2016).
This time, elastic strain profiles measured by HR-EBSD were confronted
with those obtained by means of Laue micro-diftraction and an accuracy

(A) Four-point bending sample holder (B) High purity tungsten foil observed
used by Villert et al. (2009) by FSD in Yu et al. (2018)
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Fig. 12 (A, A’) Experimental validation of the HR-EBSD technique on a silicon single crys-
tal subjected to 4-points bending adapted from Villert et al. (2009). (B, B') Off-axis
HR-TKD measurement in the vicinity of an edge dislocation in tungsten, adapted from
Yu, Liu, Karamched, Wilkinson, and Hofmann (2019).
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of about 3,2 x 10~ * was achieved. More recently, the technique was trans-
ferred to off~axis TKD to map the elastic strain field near an edge dislocation
in high purity tungsten (Yu et al., 2019), as shown in Fig. 12B,B’.
Regarding the remapping technique, numerical validation from dynam-
ically simulated patterns were proposed. Accuracy of 2 x 107 is achieved in
the presence of rotations up to 15° and elastic strains of the order of 107 by
Maurice et al. (2012) while it is of about 2 x 10~ * for disorientations up to
11° and ~5 x 10~ * equivalent elastic strain (Britton & Wilkinson, 2012).

3.3 Accounting for optical distortions caused by camera lenses

The model described in Section 3.1 is valid on the scintillator, but not nec-
essarily regarding Kikuchi patterns recorded by the camera sensor. Indeed,
most cameras contain optical lenses, which induce geometric distortions.
Their influence on measurement accuracy was therefore investigated in the
literature (Britton et al., 2010; Mingard, Day, Maurice, & Quested, 2011).

3.3.1 Definitions

The effects of distortion are divided into a radial and a tangential contribu-
tion according to the historic Brown-Conrady model (Brown, 1966, 1971;
Conrady, 1919). Radial distortion arises from the spherical shape of the
lenses, which causes light to be refracted differently between its center
and edges. The straight lines in Fig. 13A are transformed (in an exaggerated
way) into arcs of circles, drawing either a “barrel” Fig. 13B) or a “pincush-
ion” (Fig. 13C) shape. These distortions are primarily correlated with focal
length, short or long ones being associated with barrel or pincushion dis-
tortions, respectively (Drap & Lefevre, 2016). Mingard et al. (2011) showed
that most EBSD cameras are subject to barrel distortion.

(A) Undistorted (B) Barrel distortion  (C) Pincushion distortion (D) Tangential distortion

Fig. 13 (A) Optical distortion-free simulated Kikuchi pattern. The red dot indicates the
optical center. (B—D) Exaggerated effects of a barrel, pincushion, and tangential distor-
tion, respectively.
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Tangential distortion (Fig. 13D) arises from positional defects, i.e.,
eccentricity of the optical axis or the lack of parallelism of individual lenses
with respect to each other, but also with respect to the photographic sensor
of the camera. Tangential distortion eftects are generally less marked than
those of radial distortion (Tsai, 1987; Yoneyama, Kikuta, Kitagawa, &
Kitamura, 2006). Although often described mathematically independently,
radial and tangential distortions are physically related, with tangential distor-
tion being a consequence of the presence of radial distortion (Wang, Shi,
Zhang, & Liu, 2008).

3.3.2 Error made by neglecting the optical distortion

The influence of a barrel distortion on the accuracy of the HR-EBSD/TKD
technique was investigated by Britton et al. (2010), from which Fig. 14 is
adapted. In a first step, the authors dynamically simulated an electron diffrac-
tion and added up to 1 x 10~ first order barrel distortion. Then, the initial
(undistorted) pattern was taken as a reference and compared to the distorted
images using the local HR-EBSD/TKD technique. Although all simulated
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Fig. 14 Results from the study by Britton et al. (2010). The local HR-EBSD method is
applied to dynamically simulated patterns. (A) Distorted target pattern and undistorted
reference pattern with increasing radial distortion coefficient. (B) No optical distortion.
(D) Distorted target and reference patterns. (C) Difference of (B) and (D).
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patterns are associated to a strain-free state, “phantom” elastic strains of the
order of 1 to 3 x 10~ were measured. They also increased linearly with the
amplitude of the applied barrel distortion (Fig. 14A). Therefore, the authors
concluded on the necessity of a correction of optical distortions when the
reference is not distorted. However, this is never the case in practice.
Experimental patterns are all distorted and the use of a simulated reference
is to be avoided, mainly due to the uncertainty in the projection geometry
(Maurice et al., 2010).

In a second step, the authors applied a rotation w5 ranging from O to 2.5°
in the sample frame, while still considering an unconstrained state. In order
to prove the efficiency of the local HR-EBSD technique, undistorted pat-
terns were considered. As expected, all the measured components remained
close to zero except for the applied rotation in blue squares in Fig. 14B. The
experiment was repeated, but with a barrel distortion of 1077 added to all
patterns (including the reference.) The results (Fig. 14D) were visually close
to those obtained without distortion (Fig. 14B). For better readability, the
authors plotted the difference between the two measurements (Fig. 14C).
They noted that the optical distortion causes an error of at most 6.1 x 10"
on one of the elastic strain components, which they said is only about
1.5% of the applied value (2.5°~ 4.3 x 10™* rad). They consequently stated
thata correction for optical distortions is unnecessary when both the reference
and the target patterns are distorted in the same way: *“No such correction is needed
if both test and reference patterns are recorded from the same specimen with unchanged
camera or beam positioning between them.”

Actually, it will be shown in Chapter “Numerical validation and influ-
ence of optical distortions on accuracy” by Ernould et al. that some of the
conclusions by Britton et al. (2010) are to be qualified. Moreover, to date,
optical distortions have been corrected by pre-processing the Kikuchi pat-
terns before conducting the HR-EBSD/TKD analysis, when necessary. The
novel approach proposed in Chapter “Development of a homography-based
global DIC approach for high-angular resolution in the SEM” by Ernould
et al. is implemented so that this time-consuming step can be avoided (see
Chapter “Implementing the homography-based global HR-EBSD/TKD
approach” by Ernould et al.).

3.4 Necessity to calibrate the SEM with accuracy

Uncertainty in the projection geometry is still a major limitation for mea-
suring elastic strains accurately (Britton et al., 2010; Japel, 2014; Maurice
et al., 2010; Villert et al., 2009). This section first provides an overview
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of calibration methods developed for orientation mapping, before focusing
on those designed specifically for the HR-EBSD/TKD technique. The
consequences of the uncertainty in the projection geometry for the mea-
surement of elastic strains is discussed.

3.4.1 Overview of the calibration methods

Commercial indexing software is generally using the iterative pattern fitting
method (Krieger Lassen, 1999) to calibrate the SEM. This method iteratively
determines the projection parameters ensuring the best match between the
positions of the bands detected by the Hough-transform and those rec-
alculated according to the indexed solution. Its accuracy is of the order of
0.5% of the image width (Britton et al., 2010; Day, 2008). To converge, this
method requires an initial estimate of the calibration. If the calibration is
completely unknown, an initial calibration of the microscope can be per-
formed using a silicon single crystal of known orientation (Dingley &
Randle, 1992).

Calibration can also be performed from shading caused by objects
placed between the sample and the scintillator. Known as the shadow cast-
ing method, the sample to detector distance was determined with an uncer-
tainty of 1% (Britton et al., 2010; Venables & Bin-jaya, 1977). Using two
pairs of orthogonal sighting wires fixed in parallel planes with known spac-
ing, Day (1993) achieved an accuracy of 50 pm with 1000 x 1000-pixel pat-
terns and a pixel size of 24 pm, which is an uncertainty of 0.2% in the
pattern width.

Hjelen et al. (1993) proposed the moving screen technique. It compares
two diffraction patterns acquired for different camera insertion distances.
The variation of the DD distance causes an isotropic scale of the pattern,
where the PC is the invariant point. Although improved by (Carpenter,
Pugh, Richardson, & Mooney, 2007), the method has an uncertainty of
about 2.5% on the PC position and 0.3% on DD (Britton et al., 2010).

3.4.2 Calibration methods specific to the HR-EBSD/TKD technique
Measuring absolute elastic strains to an accuracy of 10~ * requires the uncer-
tainty in the projection geometry does not exceed 0.05% of the image width
(Britton et al., 2010; Maurice, Dzieciol, & Fortunier, 2011). This is an order
of magnitude less than the uncertainty of the previously mentioned calibra-
tion methods.
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Revisiting the moving screen technique, Maurice et al. (2011) measured
the change in scale using the local HR-EBSD method. When applied to
dynamically simulated patterns, the method localized the PC to an accuracy
of 0.01 pixels, i.e., an uncertainty of 0.001% for a 1000 x 1000-pixel pattern
with a pixel size of 24 pm. In practice, performance of the technique is lim-
ited by positioning defects and lack of rigidity of the mechanical camera
insertion systems (Maurice et al., 2011; Mingard et al., 2011). That is why
an accuracy of at most 0.1 pixels (0.01%) is expected (Mingard et al.,
2011). Regarding the shadow casting method, Mingard et al. (2011) devel-
oped a grid to locate the PC to within 10um (0.04%) and observed its
displacement to 0.5 pm.

More recently, pattern matching based methods were proposed
(Basinger, Fullwood, Kacher, & Adams, 2011; Tanaka & Wailkinson,
2019), but not only for the HR-EBSD/TKD technique (Pang, Larsen, &
Schuh, 2020; Winkelmann, Nolze, et al., 2020). All of these methods
employ digital image correlation algorithms to compare an experimental
pattern to a simulated one. When tested exclusively with simulated patterns,
these methods achieve an accuracy in the range of 0.001-0.003% (Pang
et al., 2020; Tanaka & Wilkinson, 2019). In a nickel sample, Pang et al.
(2020) estimated the accuracy of their method to be 0.2% on PC position
and 0.15% on DD.

3.4.3 Consequences of the calibration uncertainty on accuracy

An uncertainty of 0.5% in the projection geometry can introduce “phan-
tom” strains of the order of 107> (Britton et al., 2010; Kacher, Landon,
Adams, & Fullwood, 2009; Villert et al., 2009). Villert et al. (2009) show
that the relative displacement of the PC between the reference and target
images has a more critical effect on the accuracy than the uncertainty on
the absolute position of the PC. Therefore, the effects associated with the
variations in projection geometry across the orientation map must be esti-
mated and subtracted from the measured translations before the solution
is calculated. The authors also recommended to prefer stage scanning to
beam scanning when possible.

Since some samples do not have a clearly identifiable (assumed) uncon-
strained region where to select the reference pattern, Kacher et al. (2009)
proposed to replace an experimental reference pattern by a simulated one
associated with an undeformed state. Their work was commented on by
the HR-EBSD community at the time (Maurice et al., 2010). Such an
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approach can only work if the calibration parameters used for the simulation
match those of the experimental pattern. Calibration uncertainty is therefore
the main obstacle to measuring absolute elastic strains using a simulated
reference.

Finally, Niezgoda, McCabe, and Tomé (2012) pointed out that the
remapping technique is as much affected by an error in calibration as using
a simulated reference can be. This was envisaged by Britton and Wilkinson
(2012), who estimated that an accuracy of 10~* requires to locate the PC
within a pixel for a 1000 x 1000-pixel pattern (i.e., 0.1% uncertainty).
They conceded that a more usual uncertainty on the order of 5 pixels
(0.5%) would induce errors of about 6x 10™* (Britton et al., 2010;
Britton & Wilkinson, 2012). However, this value should be contrasted to
the relatively low level of equivalent elastic strain imposed in their study,
namely ~5 x 10™*. More generally, large rotations justifying the remapping
technique are commonly associated with plastically deformed materials. As
reminded by Tanaka and Wilkinson (2019), these materials do not have an
obvious relaxed reference and the diffraction contrast is degraded in them,
making accurate calibration even more difficult. If remapping is necessary
for their registration, this should ideally be done independently of any con-
sideration regarding the projection geometry.

Note that Vermeij, De Graet, and Hoefnagels (2019) recently proposed a
method that does not require an unstressed reference for the measurement of
absolute elastic strains. It relies on the co-correlation of several diffraction
patterns associated with different strain states. Using dynamically simulated
images, they demonstrated the potential of their method, which does not
rely on the local HR-EBSD/TKD technique, but a global approach
(see Section 4.2).

4. Emergence of global HR-EBSD/TKD approaches

The first year of the thesis (Ernould, 2020) was spent implementing
the local HR-EBSD/TKD method (Wilkinson et al., 2006b) in ATEX-
software (Beausir & Fundenberger, 2017). Goal was to apply it to on-axis
TKD patterns. This work encountered several grey areas as well as contra-
dictions in the literature. This section, more critical of the local approach,
first details some of them. In a second step, recent alternatives to the local
approach are briefly presented, while focusing on their performance as com-
pared to the local approach.
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4.1 Grey area and controversies surrounding the local
approach

4.1.1 Choice of the analysis parameters

The local nature of the measure raises several questions about the choice of

size, number, and arrangement of subsets, or the weighting of the measured

shifts.

First, the validity domain of the pure translation assumption between two
subsets remains, from the authors’ point of view, little studied. Granted, there
is a consensus to use 256 X 256-pixel subsets for 1000 x 1000-pixel patterns
(Japel, 2014; Wilkinson et al., 2006b), but this choice mostly results of a
trade-oft between relatively small subsets (64 X 64 and 128 x 128) or rela-
tively large subsets (512 x 512, i.e., more than a quarter of the pattern).
The question of the minimum, optimal, or maximum subset size for a given
pattern resolution remains open.

Similarly, the number of regions to be used in practice would benefit
from further clarifications (Shi, Roux, Latourte, & Hild, 2019). Initially,
20 subsets were recommended by Wilkinson et al. (2006b), but this value
varies strongly across studies. It is common for 100 (Britton & Wilkinson,
2011, 2012; Shi et al., 2019) or even 200 (Ruggles, Bomarito, Qiu, &
Hochhalter, 2018; Tong et al., 2015; Zhu et al., 2020) subsets to be used.
In the latter cases, the numerical cost of the analysis is multiplied by 10, with-
out any explanation as to the motivation for this choice.

There are few studies of the bias associated with the number and arrange-
ment of subsets (Britton & Wilkinson, 2011; Japel, 2014; Maurice et al.,
2012). Using simulated patterns, Japel (2014) found the subset size and posi-
tion can induce an error of up to 3 x 10~* on the elastic deformations (tensor
norm). He concluded that this is the third source of error in the
HR-EBSD/TKD technique for determining stresses, after the importance
of the disorientation angle and the calibration uncertainty. Maurice et al.
(2012) also observed a strong influence of the subset arrangement on the sign
and magnitude of the error. However, their study is primarily intended to
illustrate the limitations of the infinitesimal strain theory in the presence of
rotations greater than ~0.6°.

Finally, the outcome of the iterative solution calculation (Britton et al.,
2010; Britton & Wilkinson, 2011) depends primarily on the initial weights,
which determine the first estimate of the solution, from which new weights
will be set. While peak height is considered in the definition of initial
weights, no explicit formula is given. Moreover, peak height does not seem
to be a sufficient criterion, as an outlier translation is not systematically
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associated with a low peak height (Britton & Wilkinson, 2011). The phe-
nomenon is more likely to occurs near zone axes or along a band of high
structure factor bands (Britton et al., 2010).

Attempts were made during the first author’s thesis to identify all outliers
in an automated and reliable way. For example, the size of the neighborhood
used for the Gaussian fit of the peak (which also remains an open question)
has been integrated into the calculation of the initial weights. In order to
detect important discontinuities in the displacement field, the norm and
direction of a measured shift were compared to those of its closest neighbors.
However, sometimes outliers are clustered together as shown in Fig. 15. This
phenomenon echoes (Ruggles et al., 2018), who discuss bias related to the
“spatial correlation” of subsets. They underlined that, in addition to compu-
tational redundancy, subset overlapping give greater importance to certain
pixels.

4.1.2 Controversies and contradictions about the performance
of the local method

The remapping techniques (Britton & Wilkinson, 2012; Maurice et al.,
2012) were validated numerically from dynamically simulated patterns,
but Niezgoda etal. (2012) questioned their performance. Indeed, the authors
obtained errors of the order of 107, even at low disorientation. They used
kinematically simulated patterns, which are known to lead to higher errors
than dynamically simulated ones (Villert et al., 2009). However, this cannot
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Fig. 15 Shifts measured by means of FT-CC in a kinematically simulated pattern with
Bruker Esprit DynamicS software. Red arrows indicate measurements associated with
a normalized peak height less than 0.3.
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be the only reason since errors in their study were always < 10™*, even for
kinetically simulated patterns. While Niezgoda et al. (2012) acknowledged
errors were not comparable, they argued the presence of higher elastic strain
would negatively affect the accuracy of the remapping technique.

It was not until two recent studies, Ruggles et al. (2018) and Zhu et al.
(2020), that the remarks of Niezgoda et al. (2012) were supported, although
the errors obtained were not as high. As shown in Fig. 16, the error levels
from these two studies agree and contradict those obtained by Maurice et al.
(2012) and Britton and Wilkinson (2012) (see Section 3.2.4). The errors on
the elastic strains indeed increases with the disorientation angle to exceed
~2x 107" as early as 2° of disorientation in the case of simple remapping
(Fig. 16A, light blue curve) and as early as 6° in the case of iterative
remapping (Fig. 16A, dark blue curve, and Fig. 16B).

Errors obtained by Zhu et al. (2020) when using simple or iterative
remapping (Fig. 16A) are 10 times higher than those reported by Maurice
et al. (2012) over the same disorientation range or even more (15°). Note that
all these studies considered dynamically simulated patterns with relatively sim-
ilar resolutions: 1344 x 1024 (Maurice et al., 2012), 1000 x 1000 (Britton &
Wilkinson, 2012), 1244 x 1024 (Zhu et al., 2020) and 960 x 960 pixels
(Ruggles et al., 2018). Many implementation details could, however, explain
to some extent the disparities observed between all these studies.

Finally, it must be noted that works from the same team can be contra-
dictory. Forinstance, Britton and Wilkinson (2011) concluded that the orig-
inal method, i.e., without remapping and iterative solving, gives “reliable
strain and rotation measurements” up to 9° of disorientation. They proposed
a “robust” weighted and iterative solving to extent this angular range up to
11°. One year later, the same authors (Britton & Wilkinson, 2012) justified
the remapping technique by showing the error of the “robust” method
increases quickly as early as 3° of disorientation (Fig. 8A in their publication).
This second result is more consistent with Maurice et al. (2010) where out-
lier translations appear from £4° of rotation.

4.2 New global HR-EBSD/TKD approaches

For the sake of clarification, bibliographical research was extended to image
registration techniques for surface displacements and deformations measure-
ment during the thesis. Finally, a novel HR-EBSD/TKD technique was
developed inspired by digital image correlation techniques applied to
speckles pattern in experimental mechanics. It measures the displacement
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Fig. 16 (A) matrix norm of the error on elastic strains as a function of angular disorien-
tation angle for different HR-EBSD techniques. An equivalent elastic strain of ~5 x 1073
is imposed. (B) Error on elastic strains as a function of applied rotation in the case of a
local approach with iterative remapping. A strain-free state is considered. Panel
(A) Adapted from Ruggles, T. J, Bomarito, G. F,, Qiu, R. L, & Hochhalter, J. D. (2018).
New levels of high angular resolution EBSD performance via inverse compositional
Gauss—Newton based digital image correlation. Ultramicroscopy, 195, 85-92. https./
doi.org/10.1016/j.ultramic.2018.08.020. Panel (B) Adapted from Zhu, C,, Kaufmann, K., &
Vecchio, K. S. (2020). Novel remapping approach for HR-EBSD based on demons registra-
tion. Ultramicroscopy, 208, 112851. https://doi.org/10.1016/j.ultramic.2019.112851.



Measuring elastic strains and orientation gradients in the SEM 37

field between the reference and the target patterns through a single large
region of interest, whose relative deformation are modelled by a linear hom-
ography. This method, detailed in Chapters “Development of a homography-
based global DIC approach for high-angular resolution in the SEM”
and “Implementing the homography-based global HR-EBSD/TKD app-
roach” by Emould et al., shares common features with three other
methods published in parallel to its development (Ruggles et al., 2018;
Shi et al., 2019; Vermeij & Hoefnagels, 2018). These latter methods are
presented now.

4.2.1 Global integrated digital image correlation

Global and integrated digital image correlation (I-DIC) approaches were
recently proposed for the HR-EBSD/TKD technique (Ruggles et al.,
2018; Shi et al., 2019; Vermeij & Hoefnagels, 2018). “Global” DIC
means the displacement field between the reference and target patterns is
measured from a single and large subset encompassing most of each image.
Unlike the local approach, this subset is deformable. Its deformation is described
by a known analytical model, which is neither more nor less than the “HR-
EBSD/TKD problem.” In other words, Eq. (4) or an equivalent is integrated
in the DIC algorithms, thus qualifying these methods of “integrated” DIC.

The components of F* (Ruggles et al., 2018) or F (Shi et al., 2019; Vermeij
& Hoefnagels, 2018) are directly determined during the DIC analysis. It
minimizes a least-squares criterion involving the intensity differences between
the reference image r at x and the target image f at x” over the entire subset:

(F} = (L) ) ) e

i=1

where N is the number of points forming the subset, each one being labeled
by an index i.

4.2.2 Gauss-Newton algorithm and initial guess strategy

The least-squares problem in Eq. (23) is nonlinear, due to the F;; compo-
nents in the denominator of Eq. (4) or (20) (Ruggles et al., 2018).
Therefore, the solution is obtained iteratively by means of a local optimiza-
tion scheme, namely a Gauss-Newton algorithm. The latter is common to
all I-DIC based HR-EBSD/TKD methods proposed until now (Ruggles
et al., 2018; Shi et al., 2019; Vermeij & Hoefnagels, 2018). It is also used
by the method proposed in the present work, except that it is not an
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“integrated” approach. As already mentioned, a linear homography is mea-

sured, not the components of F.

Besides, different implementations of the algorithm exist. A forward-
additive Gauss-Newton (FA-GN) algorithm was selected by Vermeij and
Hoefnagels (2018) and Shi et al. (2019), whereas Ruggles et al. (2018) pre-
ferred an inverse-compositional Gauss-Newton (IC-GN) algorithm. These
algorithms differentiate themselves in the way the current estimate of the
solution is updated. The motivations for choosing a Gauss-Newton optimi-
zation scheme, its possible implementations, as well as the reasoning behind
the choice ofalinear homography will be detailed in Chapter “Development
of'a homography-based global DIC approach for high-angular resolution in
the SEM” by Ernould et al.

Regardless of the updating scheme, i.e., forward-additive or inverse
compositional, the Gauss-Newton algorithm linearizes the least-squares
problem close to the solution. A sufficiently accurate initial guess is therefore
required for the algorithm to converge quickly while avoiding local optima.
Using dynamically simulated patterns, Vermeij and Hoefnagels (2018) found
the FA-GN algorithm to converge aslong as the initial guess in not disoriented
by > 1.73° from the true value. R egarding the IC-GN algorithm, divergence
may take place from 1° of disorientation (Ruggles et al., 2018). The uncer-
tainty in crystallographic orientation being typically of about 0.5—1°, an initial
guess strategy based on the Euler angle was proposed (Ruggles et al., 2018;
Vermeij & Hoefnagels, 2018), in the spirit of Maurice et al. (2012). Shi
et al. (2019) developed another strategy, which initializes the FA-GN algo-
rithm using the solution obtained at the neighboring pixels within the orien-
tation map. Regarding the first point, i.e., the seed point, it was taken next to
the reference and the identity matrix was assigned as an initial guess. This tech-
nique was successfully applied in the presence of disorientations up to 3°.

4.2.3 Advantages of global HR-EBSD/TKD as compared to the local one

Global HR-EBSD/TKD approaches have several advantages over the local

approach (Ruggles etal., 2018; Shi etal., 2019; Vermeij & Hoefnagels, 2018):

i. There is no longer a bias related to the number and arrangement of

subsets.

ii. The solution is obtained directly from the DIC algorithm, avoiding the
problem of identifying translation outliers and weighting bias.

ifi. The remapping technique is included in the Gauss-Newton algorithm
through the consideration of the relative deformations of the subset.
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iv. I-DIC allows a range of phenomena such as variation in projection
geometry (Ruggles et al., 2018; Vermeij & Hoetnagels, 2018), optical
distortions generated by EBSD camera lenses (Ernould, Beausir,
Fundenberger, Taupin, & Bouzy, 2021), or variation in Kikuchi band-
widths for the determination of hydrostatic expansion, or the absolute
determination of elastic strains (Vermeij et al., 2019), to be included in
the computation. Evoked in 2018 by Vermeij and Hoefnagels (2018) as
prospects for development, most of these points have already been
resolved as highlighted in the references.

In terms of accuracy, studies using dynamically simulated patterns suggest

the global I-DIC approach outperforms the local one. For an equivalent elas-

tic strain of 2 X 10> and 1 x 1072, errors of less than 1 X 10> and 3 x 10>
were obtained in the presence of disorientations of up to 10°, respectively

(Vermeij & Hoefnagels, 2018). As shown by the green curve in Fig. 16A,

adapted from Ruggles et al. (2018), the norm of the error remains less than

~2x 107" for disorientations up to 12° whereas is not the case for local
approaches. The method proposed by Shi et al. (2019) led to 15-35% lower
measurement uncertainty than the commercial software CrossCourt, when
applied to a 316 L steel single crystal in 4-point bending (uncertainty between

2.8x1077and 3.6 X 1077 vs 4.3 x 1077).

In terms of computation time, neither method seems clearly more effi-
cient. Vermeij and Hoefnagels (2018) observed that their global approach is
three times slower than a local approach with remapping. Conversely, Shi
et al. (2019) implemented their method in MATLAB, yet, it was 60-90%
faster than the commercial software CrossCourt, depending on whether
24 or 96 subsets were considered by the latter. The method proposed by
Ruggles etal. (2018) was 2.4 times slower 20% than the local approach with-
out remapping, but 20% faster than with iterative remapping, not to men-
tion that in both cases the local approach led to larger errors. Of course,
computation speed depends on many implementation parameters and these
comparisons must be put into perspective.

5. Summary

* In the present work, EBSD and on-axis TKD techniques will be used.
Recently developed in the LEM3 laboratory (Fundenberger et al., 2015,
2016), the “on-axis” configuration is an improvement on the conven-
tional TKD technique proposed by Keller and Geiss (2012). TKD is
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the observation of a thin foil in transmission in a scanning electron
microscope. It enables effective lateral spatial resolutions of a few nano-
meters to be reached, while being selective in depth. Therefore, TKD is
suitable tool for studying nanocrystalline materials.

Crystallographic orientations are typically indexed with an accuracy of
0.5—1° using the Hough-transform (Brough et al., 2006; Humphreys,
2001; Ram et al., 2017). In recent years, more noise-robust methods
were proposed (Chen et al., 2015; Foden et al., 2019; Hielscher et al.,
2019; Lenthe et al., 2019; Nolze et al., 2017, 2018; Winkelmann,
Jablon, et al., 2020; Winkelmann, Nolze, et al., 2020). Knwon as dictio-
nary, spherical or pattern matching indexing, their uncertainty in crys-
tallographic orientation can be as low as 0.1° to 0.2° for a precisely
calibrated system (Ram et al., 2017). Still recent, their use is currently
limited, partly because of their numerical cost as compared to
Hough-transform based indexing. Given tremendous improvements
of these methods, indexing software are nonetheless expected to expe-
rience major changes in the near future.

The uncertainty on crystal orientations has a direct impact on the accu-
racy of the disorientation angle and axis. The latter is not yet clearly
established when these metrics are derived from indexing, especially
at low disorientation angles. Since the disorientation angle and axis, as
well as the knowledge of elastic strains, are essential for the observation
and understanding of microstructural deformation mechanisms, high-
angular resolution techniques have been developed in the scanning elec-
tron microscope. Denoted as HR-EBSD or HR-TKD techniques, they
measure the relative elastic strains and lattice rotations between two
points of the orientation map, belonging to the same crystal. To this
end, the displacement field between a reference pattern and a target
pattern is extracted with a sub-pixel resolution using digital image
correlation techniques (Wilkinson et al., 2006a).

Experimentally, the HR-EBSD technique achieves an accuracy of
1% 10™* (~0.006°) in semiconductors (Villert et al., 2009). The accuracy
is affected by the pattern quality, but also by the possible optical distortion
caused by camera lenses, as well as the uncertainty in the projection geom-
etry. When neglected, phantom strains typically of the order of 10> are
induced. Therefore, the SEM calibration remains to date a limiting factor
for accurate elastic strain measurement (Britton et al., 2010; Japel, 2014;
Maurice et al., 2010; Villert et al., 2009). It is also a hindrance for absolute
elastic strain measurements from simulated reference patterns (Britton
et al., 2010; Maurice et al., 2010).
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* Historically, Wilkinson et al. (2006a, 2006b) proposed a local HR-
EBSD/TKD method based on translation measurements between
multiple small square subsets. It underwent many improvements, not-
ably by Maurice et al. (2012), Britton et al. (2010), Britton and
Wilkinson (2011, 2012). Among them, the remapping technique is
dedicated to the elastic strain measurement of in the presence of rota-
tions greater than one degree. However, the method implementation
suffers from gray areas in the literature, especially regarding the choice
of its parameters.

* Independently and in the same period as this study, new global
HR-EBSD/TKD approaches were proposed (Ruggles et al., 2018;
Shietal., 2019; Vermeij & Hoefnagels, 2018). They are based on a single
and large region of interest for which relative deformations are measured
by means of a Gauss-Newton algorithm. Their performance is similar or
even better than the local approach, especially in the presence of large
disorientations, i.e., higher than 6° (Ruggles et al., 2018).
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